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1.0  SUMMARY 

This  document  is  comprised  of  reports  on  experiments  performed  during 
the  period  from  1  April  1967  to  1  December  1967.  This  data  covers  two  tech¬ 
nical  areas,  testing  techniques  for  shielded  enclosures  and  conduit  and  H- 
field  induced  current  in  buried  conduit.  Abstracts  of  reports,  issued  under 
separate  cover  during  this  time  period,  documenting  other  areas  of  investi¬ 
gation  are  contained  at  the  end  of  this  report. 

This  information  expands  the  technical  "backup"  material  for  the  "OCE 
NEMP  PROGRAM,  Development  of  Criteria  for  Protection  of  NIKE-X  Power  Plant 
and  Facilities  Electrical  Systems  Against  Nuclear  Electromagnetic  Pulse 
Effects,  PROTECTIVE  MEASURES" . 


Section  2.0 


Introduction 


Section  2  -  Page  1 


2.°  INTRODUCTION 

The  experimental  results  contained  within  this  document  supplement 
the  previous  written  technical  material  and  provides  the  latest  reference 
data.  Two  previous  reports,  "Technical  Data  for  General  NEMP  Criteria  for 
NIKE-X  Power  Systems"  dated  5  August  1966  and  revised  1  December  1966  and 
"OCE  NEMP  PROGRAM,  Development  of  Criteria  for  Protection  of  NIKE-X  Power 
Plant  and  Facilities  Electrical  Systems  Against  Nuclear  Electromagnetic 
Pulse  Effects,  TECHNICAL  DATA"  issued  31  March  1967,  were  comprised  of  four 
main  categories  as  follows: 

1.  Environment 

2.  Power  system  responses  to  NEMP  and  other  surges 

3.  Component  responses  and  susceptibility 

4.  Shielding 

This  document ,  containing  four  experimental  reports,  will  be  an  adden¬ 
dum  to  Item  4,  Shielding. 


Section  3.0 


High  Frequency  Testing  Techniques  for  Determina¬ 
tion  of  Shielding  discontinuities  in  Conduit 


Section  3  -  Page  1 


3.0  HIGH  FREQUENCY  TESTING  TECHNIQUES  FOR  DETERMINATION 

OF  SHIELDING  DISCONTINUITIES  IN  CONDUIT 

3.1  Introduction 

An  important  requirement  for  the  suppression  of  EMP  effects  on  NIKE-X 
electrical  systems  is  that  "all  conduit  runs  shall  he  continuous  so  that 
conductors  are  never  directly  exposed  to  an  EMP  field".  This  criteria 
evolved  from  tests  which  indicated  that  the  effectiveness  of  conduits  as  a 
means  of  shielding  contained  conductors  from  spurious  voltages  produced  by 
EMP  and  similar  transients  is  seriouly  degraded  by  loose  couplings,  defec¬ 
tive  welds,  poorly  constructed  joints,  or  any  other  conduit  discontinuities. 

Concern  about  the  seriousness  of  conduit  shielding  leaks  has  prompted 
an  experimental  investigation  of  measurement  and  test  techniques  applicable 
for  monitoring  the  shielding  quality  of  conduit  at  the  time  of  installation 
and  maintaining  its  shielding  effectiveness  during  the  lifetime  of  the 
system. 

The  experiments  reported  in  this  section  cover  high  frequency  testing 
techniques  for  determination  of  shielding  discontinuities  in  conduits. 

3.2  Objectives 

Objectives  of  this  group  of  experiments  included  the  following: 

1.  Development  of  techniques  capable  of  detecting  the  existence  of 
flaws  or  discontinuities  in  conduits  that  would  result  in  loss  of 
attenuation  or  degradation  of  shielding  in  high  intensity  ambient 
electromagnetic  fields. 

2.  Establishment  of  requirements  for  detection  equipment,  featuring 
..availability,  simplicity,  ease  of  operation,  and  portability. 

3.  Comparison  of  a  number  of  discontinuity  detection  methods  utiliz¬ 
ing  high  frequency  currents  to  select  their  most  advantageous 
features. 

4.  Determination  by  actual  tests  of  the  relative  detection  ability  of 
such  equipment  under  parametric  variations  of  test  frequency,  con¬ 
dition  of  conduit  joints,  and  with  different  conduit  configurations. 
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5.  Evaluation  of  the  reliability  and  repeatability  of  the  various 
techniques. 

3 . 3  Approaches  to  the  Problem 

Teats  have  shown  that  even  a  single  discontinuity  in  a  conduit  run  may 
seriously  degrade  its  shielding  effectiveness.  It  is  necessary,  therefore, 
that  the  detection  equipment  be  sufficiently  responsive  to  such  flaws.  The 
problem  is  further  complicated  by  the  fact  that  many  individual  conduit  runs 
are  buried  so  that  fittings  or  sections  that  may  develop  shielding  leaks  are 
relatively  inaccessible. 

Several  testing  schemes  depending  directly  upon  the  injection  of  cur¬ 
rents  and  measurement  of  voltage  drops  across  individual  conduit  sections 
were  considered,  but  rejected  as  impracticable  because  of  the  difficulty  of 
electrically  isolating  a  conduit  run  for  testing  from  the  rest  of  the  sys¬ 
tem,  inaccessibility  to  buried  portions  of  a  run,  and  the  length  of  testing 
cables  required  on  long  runs.  It  became  apparent  early  in  the  investigation 
that  although  conduction/voltage  drop  methods  are  entirely  feasible  on  bench 
tests  under  laboratory  conditions,  they  could  not  be  considered  as  reliable 
under  field  testing  conditions. 

As  an  example,  consider  the  difficulties  involved  in  using  a  conduction 
method  for  detecting  discontinuities  by  circulating  a  current  in  the  conduit 
run  designed  as  Conduit  "A"  between  junction  boxes  #2  and  #3  in  Figure  3.1. 
(it  will  be  assumed  that  electrical  isolation  of  a  conduit  run  from  its  ter¬ 
mini  is  impracticable  after  installation.)  Note  that  Conduit  "A"  is  also 
shunted  by  undefinable  paths  between  these  junction  boxes  whose  conductivity 
may  change  because  of  other  conduit  run  modifications.  Thus,  the  shunting 
resistance  would  affect  the  amount  of  test  current  circulated. 

Accordingly,  several  entirely  different  approaches  were  taken  in  an 
effort  to  solve  the  problem,  including: 

1.  Circulating  high  frequency  currents  of  the  order  of  20  kHz  to  1000 
kHz  through  conduit  systems  in  a  controlled  manner  and  utilizing  a 


Section  3  -  Page  3 


FIGURE  3.1  Typical  Arrangement  of  Conduit  Runs,  Showing  Unde finable  Current  Paths 
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permanently  installed  "sensing"  circuit  inside  each  conduit  for 
discontinuity  detection.  This  technique  employs  a  high  frequency 
source  energizing  a  toroidal  winding  on  a  split  magnetic  core  which 
can  he  clamped  over  existing  conduits.  Induced  currents  are  circu¬ 
lated  through  the  conduit  run  which  acts  as  a  secondary  winding. 

High  frequency  energy,  coupled  into  the  "sensing"  circuit  and  meas¬ 
ured  by  a  sensitive  detector,  will  depend  upon  a  number  of  control¬ 
lable  parameters,  but  also  upon  the  shielding  continuity  of  the  con¬ 
duit.  By  predetermining  the  controlled  parameters  and  adjusting  the 
exciting  current  accordingly,  the  shielding  effectiveness  of  the  con¬ 
duit  can  be  evaluated. 

2.  Producing  locally-generated,  high  frequency  magnetic  fields  and  uti¬ 
lizing  internal  "sensing"  circuits  to  search  out  defective  joints, 
sections  and/or  connections.  This  technique  could  be  applied  most 
advantageously  to  accessible  conduits  as  an  adjunct  to  the  method 
described  above  to  locate  conduit  discontinuities. 

3.  Establishing  an  internal  magnetic  field  within  a  conduit  run  on 
test  by  circulating  currents  through  specially  installed  circuits 
within  conduits  and  detecting  conduit  shielding  discontinuities  by 
means  of  external  search  coils. 

3.4  Feasibility  Evaluation  and  Application 

of  Conduit  Discontinuity  Test  Techniques 

To  evaluate  the  feasibility  of  using  high  frequency  energy  as  a  means 
of  detecting  conduit  discontinuities  a  number  of  tests  which  are  described 
below  were  performed. 

3.4*1  Preliminary  Tests 

Preliminary  tests  were  made  with  an  empty,  rectangular  loop  of  l/2-inch 
rigid  steel  conduit  having  a  perimeter  of  about  twenty  feet  and  energized  at 
frequencies  up  to  10  kHz.  Using  the  setup  of  Figure  3.2,  the  practicability 
of  circulating  high  frequency  currents  in  a  conduit  system  was  confirmed. 


FIGURE  3.2  Preliminary  Setup  for  RF  Current  Measurement  Through  an  Empty  Conduit  Loop 
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In  this  test  arrangement  a  split,  wound  core  current  transformer  unit 
clamped  around  the  conduit  loop  served  as  the  high  frequency  current  inducer. 
The  high  frequency  current  was  generated  by  a  Hewlett-Packard  Model  202-C 
oscillator  driving  a  McIntosh  50  W-2  amplifier.  The  output  was  matched  at 
the  various  test  frequencies  to  the  primary  impedance  of  the  current  trans¬ 
former  by  means  of  an  output  impedance  selector  switch.  A  0-5  ampere  radio¬ 
frequency  ammeter  in  series  with  the  conduit  loop  was  used  to  directly  moni¬ 
tor  the  test  current;  its  frequency  and  wave  form  were  monitored  by  display¬ 
ing  on  a  Tektronix  317  oscilloscope  the  voltage  developed  across  a  sampling 
winding  on  a  ferrite  toroid  slipped  over  the  conduit. 

The  test  setup  described  above  required  opening  the  conduit  loop  in 
order  to  insert  the  ammeter  for  monitoring  the  current.  This  would  not  be 
feasible  in  a  practical  application. 

To  overcome  this  objection  another  split,  wound  core,  multiturn  current 
transformer  was  used  as  a  current  monitor  instead  of  the  RF  ammeter.  Using 
the  circuit  of  Figure  3.3  voltages  across  the  raultitum  winding  of  this  unit 
were  carefully  correlated  with  conduit  loop  currents  measured  by  means  of  a 
Tektronix  131  current  probe  used  in  conjunction  with  the  Tektronix  317  oscil¬ 
loscope.  Calibration  tests  conducted  at  test  frequencies  of  10,  20,  30,  50, 
and  100  kHz  over  a  wide  range  of  conduit  currents  indicated  that  all  responses 
were  essentially  linear. 

3.4*2  Circulating  Current  in  an  Extended  Piping  System 

In  order  to  test  the  practicality  of  circulating  and  measuring  high 
frequency  currents  on  an  extensive  piping  system,  the  split  core  inducer  and 
split  core'  current  transformer  were  then  installed  around  an  overhead  sprink¬ 
ler  system  supported  by  grounded  hanger  clamps.  Measurements  of  the  test 
current  circulating  through  branching  paths  indicated  that  the  technique  is 
applicable  to  large,  extended  systems. 

3.4*3  Loose  Joints  -  Accessible  Conduit 

To  investigate  the  feasibility  of  detecting  the  presence  of  loose 
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FIGURE  3.3  Test  Circuit  for  Calibrating  Wound  Core,  Multiturn  Current  Transformer  for 
Measurement  of  High-Frequency  Current  through  a  Conduit  or  Piping  System 
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couplings  or  rusted  joints  in  accessible  conduit  sections,  a  test  was  next 
made  on  an  empty  conduit  loop  containing  known  joint  defects  when  carrying 
high  frequency  currents.  This  test  was  set  up  as  shown  in  Figure  3.4  and 
utilizes  the  principle  of  oscilloscopic  display  of  the  variations  in  volt¬ 
age  drop  across  a  defective  joint  carrying  high  frequency  current  when  it 
is  tapped  with  a  hammer  or  set  into  mechanical  vibration  by  a  similar 
means. 

The  same  basic  test  arrangement  was  used.  This  consisted  of  a  high 
frequency  oscillator,  an  amplifier  with  a  matched  impedance  output  feeding 
a  split,  wound  core  current  transformer  clamped  around  the  conduit.  Test 
currents  up  to  four  amperes  peak-to-peak  at  frequencies  up  to  20  kHz  were 
used,  these  currents  being  monitored  by  a  Tektronix  Model  131  Current  Probe 
coupled  to  a  Tektronic  Model  317  oscilloscope.  Each  coupling  in  the  con¬ 
duit  loop  was  tested  by  securely  clamping  test  leads  adjacent  to  the  coup¬ 
ling  and  displaying  the  voltage  drop  developed  on  a  Tektronix  Model  317 
oscilloscope. 

This  testing  technique,  of  course,  would  be  feasible  only  for  detection 
of  conduit  joint  discontinuities  in  accessible  runs,  but  it  offers  a  valua¬ 
ble  supplement  to  visual  inspection  of  conduits  that  are  accessible. 

3.4*4  Loose  Joints  -  Inaccessible  Conduit 

Attention  was  next  given  to  the  development  of  a  conduit  discontinuity 
detection  technique  that  would  be  applicable  to  Inaccessible  conduit  runs. 

An  exploration  was  made  of  a  technique  employing  the  principle  that  an  insu¬ 
lated  "sensing"  wire  contained  in  a  conduit  run  would  pick  up  a  larger  high 
frequency  signal  by  stray-field  inductive  coupling  with  some  shielding  dis¬ 
continuity  than  if  the  conduit  were  intact. 

To  test  the  feasibility  of  this  technique,  equipment  was  set  up  as 
shown  in  Figure  3.5.  The  test  specimen  was  a  closed  rectangular  loop  of  l/2 
inch  rigid  steel  conduit  having  a  perimeter  of  about  15  feet,  assembled  with 
a  pipe-union  and  a  pipe-tee  in  one  short  side  and  another  pipe-tee  in  the 
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FIGURE  3.4  Variation-of -Impedance  Drop  Technique  of  Detecting 

Defective  Joints  in  an  Accessible  Conduit  Loop 


FIGURE  3.5  "Sensing  Loop”  Technique  of  Detecting  Discontinuities 
or  Unshielded  Wiring  in  an  Inaccessible  Conduit  Run 
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other  short  side.  Inside  the  conduit  was  threaded  a  single  insulated  con¬ 
ductor  ''sensing"  loop  terminated  at  a  coaxial  connector  with  one  side  of 
the  connector  connected  electrically  with  the  conduit.  Enough  slack  wiring 
was  provided  to  form  a  4-inch  loop  in  the  pipe -tee  at  midrun.  Here,  a 
threaded  pipe  plug  was  used  to  control  the  degree  of  sealing  of  the  pipe- 
tee. 

It  was  anticipated  that  test  frequencies  somewhat  higher  than  those 
used  in  the  other  experiments  already  described  would  be  desirable.  Accord¬ 
ingly,  a  General  Radio  Type  700-A  wide  band  beat  frequency  oscillator  capa¬ 
ble  of  providing  sinusoidal  signals  up  to  5  MHz  was  used  as  the  high-frequency 
source.  At  test  frequencies  in  the  range  between  100  kHz  and  1000  kHz  it  was 
found  experimentally  that  this  oscillator  could  be  coupled  directly  to  the 
primary  winding  of  the  split,  wound  core  current  transformer  inducer  for  opti¬ 
mum  power  transfer.  (The  McIntosh  amplifier  was  not  used  at  these  frequencies 
because  of  its  limited  gain,  wave  form  distortion,  and  the  difficulty  of 
matching  its  output  impedance  with  that  of  the  inducer.) 

The  discontinuity  detection  circuit  consisted  of  the  sensing  loop  which 
fed  an  amplifier  having  a  voltage  gain  of  approximately  500  and  a  Tektronix 
oscilloscope  which  displayed  the  amplified  signals  picked  up  by  the  sensing 
loop.  In  operation  detection  of  shielding  anomalies  in  the  conduit  loop  was 
accomplished  by  comparing  the  strength  of  the  signal  obtained  when  there  was 
a  defective  joint  or  exposed  wiring  with  the  signal  strength  developed  with 
good  conduit  connections  between  sections.  This  test  technique  could,  there¬ 
fore,  be  considered  feasible  for  gross  detection  of  defects  in  an  entire  con¬ 
duit  run,  but  not  as  a  means  of  locating  individual  defects. 

3.4*5  "Pinpointing"  Loose  Joints 

As  a  variation  of  this  "gross"  detection  technique,  it  was  then  proposed 
that  strong,  localized  high-frequency  fields  might  be  effective  in  "pinpoint¬ 
ing"  individual  defects  in  a  conduit  run  provided  that  portions  of  the  run 
were  accessible. 
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Generation  of  a  strong  localized  field  was  accomplished  using  the 
equipment  arrangement  of  Figure  3.5  by  physically  moving  the  inducing  cur¬ 
rent  transformer  while  fitted  around  the  conduit,  scanning  all  sections  and 
suspected  joints. 

Variations  of  the  signal  voltage  induced  across  the  ends  of  the  sensing 
loop  were  noted  at  the  detector  whenever  the  inducing  coil  was  placed  in 
proximity  to  conduit  sections  with  shielding  defects  and  peak  signal  volt¬ 
ages  were  observed  when  the  inducing  coil  was  immediately  over  the  defect. 

This  localized  detection  technique  was  thus  found  to  be  feasible  and 
it  could  be  applied  as  the  means  of  finding  defective  conduit  sections  be¬ 
tween  manholes  in  a  buried  run.  However,  the  exact  location  of  a  shielding 
defect  could  not  be  found  unless  the  suspected  section  was  accessible. 

The  final  detection  technique  investigated  was  one  employing  the  same 
basic  principles  as  that  just  described,  but  with  the  inducer  and  detector 
elements  interchanged. 

3.4*6  Internal  Magnetic  Field  Source 

This  test  was  set  up  as  shown  in  Figure  3.6.  In  this  arrangement  the 
insulated  wire  loop  threaded  through  the  conduit  served  as  the  high-frequency 
magnetic  field  source  (inducer)  and  the  split,  wound  core  current  transformer 
was  used  as  a  "search  coil"  to  pick  up  any  high-frequency  signals  escaping 
through  discontinuities  in  the  conduit  assembly. 

The  output  of  the  oscillator  was  coupled  directly  into  the  single  turn 
inducing  wire  loop  hy  a  shielded  coaxial  cable  and  the  loop  exciting  current 
was  measured  by  a  Tektronic  131  current  probe. 

The  amount  of  high  frequency  flux  induced  in  the  conduit  was  somewhat 
limited  with  this  arrangement  because  of  mismatch  between  the  inductive 
reactance  of  the  one-turn  loop  and  the  output  impedance  of  the  oscillator 
unit.  Consequently,  voltages  induced  in  the  winding  of  the  "search  coil" 
had  to  be  amplified  to  a  higher  degree  than  before,  so  that  they  could  be 
displayed  on  the  detector  oscilloscope.  Nevertheless,  results  indicated 
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that  this  technique  could  be  considered  feasible  for  both  the  overall  (fixed 
search  coil)  and  the  localized  (moving  search  coil)  methods  of  discontinuity 
detection. 

1 

3 . 5  Conclusions 

Discontinuity  detection  techniques  utilizing  high-frequency  currents 
are  feasible  for  both  accessible  and  inaccessible  conduit  runs.  By  properly 
applying  these  techniques  it  will  be  possible  to  distinguish  between  intact 
and  defective  sections  of  buried  conduit  while  in  place  and,  after  exposing 
bad  sections,  to  accurately  locate  the  shielding  defects  in  them. 

The  most  successful  detection  technique  developed  by  this  investigation 
consists  of  inducing  high-frequency  current  in  the  conduit  run  under  test 
and  to  measure  the  relative  magnitudes  of  voltage  induced  by  flux  leakage 
coupling  a  sensing  wire  that  has  been  permanently  installed  in  the  conduit 
along  with  other  wiring.  Marked  changes  in  induced  voltages  appear  when 
there  is  a  shielding  defect  in  a  bad  section  in  the  run.  An  extension  of 
this  technique,  using  a  movable  inducer  applied  in  close  proximity  to  the 
suspected  section,  is  then  able  to  precisely  locate  serious  shielding 
discontinuities. 

Equipment  requirements  that  must  be  considered  are: 

1.  To  achieve  the  necessary  detection  sensitivity,  either  a  relatively 
high  power  input  (order  of  hundreds  of  watts)  may  be  used  with  mod¬ 
erate  gain  defect  display  equipment  or  relatively  low  power  input 
(less  than  10  watts)  may  be  used  with  high  gain  defect  display 
equipment.  Alternatively,  it  is  possible  to  select  ai:  appropriate 
compromise  between  these  design  limits. 

2.  The  defect  detection  equipment  should  be  rugged  (shock-mounted) 
and  portable  (compact  and  lightweight)  enough  for  field  use. 

3.  If  used  in  remote  locations  beyond  commercial  frequency  supply 
lines,  auxiliary  engine/generators  with  carefully  filtered  outputs 
should  be  used. 
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4.  For  efficient  operation  care  should  be  exercised  in  matching  the 
impedances  of  the  high-frequency  supply  sources  with  those  of  the 
inducer  coil. 

Additional  knowledge  is  needed  about  the  detection  capabilities  of  this 
technique  with  such  parametric  variations  as  larger  conduits,  longer  runs, 
different  conduit  materials,  and  wall  thicknesses.  Another  factor  that 
might  influence  detector  sensitivity  is  the  presence  of  a  number  of  shielded 
cables  in  the  same  conduit  with  the  sensing  wire. 

A  decision  as  to  the  merits  of  a  single  test  frequency  or  a  frequency 
best  suited  to  the  particular  characteristics  of  the  section  of  conduit  on 
test  would  best  be  held  in  abeyance  until  more  is  known  about  these  para¬ 
metric  effects. 
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Measurement  of  Shielding  Effectiveness  of  Shielding 
Enclosures  by  Continuous  Sinusoidal  Wave 
Attenuation  as  Compared  to  Impulse 
Wave  Attenuation 
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4.0  MEASUREMENT  OF  SHIELDING  EFFECTIVENESS  OF  SHIELDING  ENCLOSURES  BY 

CONTINUOUS  SINUSOIDAL  WAVE  ATTENUATION  AS  CCMPARED  TO  IMPULSE  WAVE 

ATTENUATION 

4.1  Introduction 

Various  tests  nave  been  made  on  shielded  enclosures  involving  the  use 
of  an  impulse  generator  to  create  a  pulsed  magnetic  field.  Such  a  setup  is 
shown  in  Figure  4*1*  The  generator  passes  a  current  through  an  overhead 
line  down  to  a  ground  plane.  This  current  creates  a  magnetic  field  (H-field) 
in  the  area  encompassed  by  the  overhead  line  and  the  ground  plane.  It  is 
within  this  area  that  the  enclosure  is  tested.  A  small  H-field  pickup  loop 
is  placed  inside  the  enclosure  and  the  reduced  magnetic  field  intensity  is 
monitored  on  equipment  outside  the  immediate  test  area.  The  ambient  field 
intensity,  with  the  enclosure  removed,  but  with  the  pickup  loop  in  the  same 
position,  is  also  recorded.  From  these  two  values  the  amount  of  electromag¬ 
netic  field  attenuation  provided  by  the  shielded  enclosure  is  calculated  by 
using  the  equation 

H1 

Attenuation  =  20  log,n  — 

H2 

where  H-j_  is  the  instantaneous  ambient  magnetic  field  and  H2  is  the 
instantaneous  attenuated  magnetic  field  taken  at  the  same 
time  as  H. 

Subsequent  study  of  the  data  collected  from  these  electromagnetic 
pulse  tests  have  adequately  given  the  shielding  properties  of  various  types 
of  enclosures1^. 

4.2  Objectives 

The  object  of  this  series  of  tests  was  to  compare  values  of  continuous 
wave  attenuation  made  by  an  IEEE  proposed  method  with  electromagnetic  pulse 
attenuation  data  that  was  obtained  in  previous  tests^. 

Impulse  testing  requires  an  elaborate  test  setup  and  procedure.  There¬ 
fore,  the  idea  of  continuous  wave,  or  sine  wave,  attenuation  was  explored, 


Overhead  Line 
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for  it  is  possible  that  this  type  of  testing  can  require  only  a  small  setup 
area  which  would  include  the  enclosure  and  the  immediate  area  next  to  the 
enclosure  for  monitoring  equipment.  Also,  it  is  possible  that  all  measur¬ 
ing  equipment  used  in  continuous  wave  testing  can  be  hand-carried  to  the 
location  of  the  enclosure  to  be  tested. 

4.3  Test  Setup  and  Procedure 

A  series  of  continuous  wave  attenuation  tests  were  performed  on  a  simu¬ 
lated  switchgear  enclosure  shown  in  Figure  4*2.  A  current  signal  of  known 
frequency  and  amplitude  is  passed  through  a  loop  of  wire  of  known  physical 
dimensions.  This  current  immerses  the  enclosure  in  a  magnetic  field  ori¬ 
ented  to  induce  appreciable  components  of  current  throughout  the  shield.  A 
significant  portion  of  the  seams  are  subjected  to  shielding  currents  by  en¬ 
circling  the  enclosure  with  the  transmitting  loop  so  as  to  obtain  a  gross 
measure  of  performance.  The  field  set  up  by' this  transmitting  loop  is 
sensed  by  a  loop  antenna  (30"  diameter  Stoddart  ’90117-2)  and  is  read  on  a 
Stoddart  radio  interference  field  intensity  meter  (RI-FI  NM-10A).  Readings 
on  the  field  intensity  meter  are  normally  given  in  terms  of  an  equivalent 
electric  field  E.  The  corresponding  magnetic  field  H  is  then  obtained  from 


the  expression 

H 

E  _  _E__ 

12  TT  377 

where 

H 

=  amps/meter 

E 

=  volts/meter 

Ambient  values  of  field  intensity  were  found  by  placing  the  antenna 
loop  in  space  concentric  with  the  larger  transmitting  loop,  as  shown  in 
Figure  4*3.  To  receive  attenuated  values  of  field  intensity  the  antenna 
loop  was  placed  at  a  fixed  position  inside  the  switchgear  enclosure.  The 
amount  of  attenuation,  in  dB,  is  calculated  the  same  as  in  impulse  testing. 

4.4  Test  Results 

By  varying  the  frequency  of  the  signal  produced  by  the  signal  generator 
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One  inch  from 


NOTE:  Antenna  and  radiating  loop  in  same  plane. 


FIGURE  4.2 


Test  Setup 
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Signal 

Generator 


FIGURE  4.3 


Wiring  Diagram  of  Continuous  Wave  Attenuation  Measuring  Circuit 
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the  amount  of  attenuation  afforded  by  the  enclosure  was  found  to  vary  from 
a  low  of  34.5  dB  at  15  kHz  to  a  high  of  approximately  43  dB  at  100  kHz. 

The  variation  in  attenuation  values  is  due  to  the  fact  that  the  door 
of  the  enclosure  was  sealed  for  various  stages  of  susceptibility  to  electro¬ 
magnetic  field  leakage.  Figure  4*4  is  a  comparison  of  the  various  levels 
of  attenuation  that  are  afforded  by  the  different  methods  of  sealing  the 
enclosure  door.  The  low  attenuation  value  of  34*5  dB  at  15  kHz  was  recorded 
with  the  enclosure  door  fastened  shut  by  four  screws.  The  higher  attenua¬ 
tion  value  of  43  dB  at  100  kHz  was  recorded  with  the  enclosure  door  sealed 
with  eight  bolts  and  with  a  copper  braid  strip  placed  between  the  door  and 
enclosure  to  seal  the  inside  of  the  enclosure  from  the  generated  electromag¬ 
netic  field. 

In  comparing  the  continuous  wave  attenuation  data  with  impulse  data 
the  period  of  oscillation,  in  microseconds,  was  calculated  for  the  various 
frequencies.  It  is  at  these  various  times  that  the  levels  of  attenuation 
observed  by  using  the  two  modes  of  testing  are  compared.  Table  4*1  lists 
these  attenuation  values. 

TABLE  4.1 

- 3 —  .  , 

SINE  WAVE  AND  IMPULSE  WAVE  ATTENUATION  VALUES 


10  nsec 

Attenuation  -  dB 

-  100  kHz 

Sine  ®  100  kHz 

43,  40,  33.5 

Pulse  ®  10  nsec 

42,  40.5,  40 

40  nsec 

-  25  kHz 

Sine  ®  25  kHz 

33. 5,  36.5,  35.5 

Pulse  ®  40  nsec 

35,  33,  31.5 

67  nsec 

-  15  kHz 

Sine  ®  15  kHz 

33,  36,  34.5 

Pulse  ®  67  nsec 

29.5,  27,  26.5 

Figure  4*5  shows  a  graphical  comparison  of  the  recorded  attenuation  values. 
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FIGURE  4*4  Continuous  Wave  Attenuation  vs.  Frequency  for  Various  Methods  of  Sealing  Enclosure 


FIGURE  4.5  Comparison  of  Impulse  Tests  to  Sine  Wave  Tests  vs.  Time  and  Frequency 
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In  the  short  time  period,  or  higher  frequency  level,  the  H-field  atten¬ 
uation  values  observed  in  the  continuous  wave  tests  and  the  impulse  wave 
tests  are  in  close  agreement  with  each  other.  However,  at  longer  times  and 
lower  frequencies  the  decrease  in  attenuation  is  more  rapid  in  the  impulse 
wave  tests. 

This  difference  is  due  to  the  fact  that  in  impulse  testing  the  attenu¬ 
ated  wave  measured  inside  the  enclosure  is  different  than  the  applied  wave. 
The  attenuated  wave  shape  is  distorted  with  a  longer  time -to -peak  and  a 
much  longer  time-to-decay  to  half  of  the  crest  value.  The  slope  of  the 
decaying  part  of  the  attenuated  impulse  wave  is  smaller  than  the  shape  of 
the  ambient  impulse  wave.  As  the  two  decaying  slopes  approach  each  other, 
the  calculated  attenuation  decreases.  Therefore,  at  longer  times  the 
impulse  attenuation  values  are  seen  to  decrease. 

In  the  continuous  wave  tests  there  is  no  change  in  the  wave  shape  of 
the  attenuated  sinusoidal  wave. 

4.5  Conclusions 

The  results  of  the  continuous  wave  tests  show  that  this  method  can  be 
used  with  fairly  good  accuracy  for  observing  enclosure  shielding  properties. 
The  frequency  range  of  the  field  intensity  meter  was  15  kHz  to  250  kHz. 

This  range  was  adequate  when  the  periods  of  oscillation  of  the  various  fre¬ 
quencies  used  were  calculated  and  compared  with  the  time  range  of  the  im¬ 
pulse  tests.  It  is  within  the  time  range  of  0  to  100  microseconds  that  the 
most  important  attenuation  data  of  interest  to  this  particular  test  is 
obtained. 
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5.0  GEOMETRIC  MODELS  FOR  THE  INVESTIGATION  OF 

NEMP  INDUCED  CURRENTS  IN  BURIED  CONDUITS 

5.1  Introduction 

An  important  aspect  of  the  OCE  program  to  develop  design  criteria  for 
protection  of  NIKE-X  power  plants  and  facilities  electrical  systems  against 
NEMP  is  the  problem  related  to  the  determination  of  the  magnitudes  of  NEMP 
induced  voltages  and  currents  on  buried  conduits  and  structures  and  the  ex¬ 
tent  to  which  the  induced  quantities  are  dependent  on  design  parameters  such 
as  grounding  arrangements,  depth  of  burial,  spacing  of  structures,  etc. 

This  report  describes  a  combined  analytical  and  experimental  approach  to 
the  problem  based  on  geometric  modeling  techniques.  The  particular  approach 
was  initiated  in  an  attempt  to  verify  and/or  extend  the  results  obtained  by 
experimenters  at  the  General  Electric  Company  as  reported  by  D.  W.  Caverly1. 
The  excellent  results  obtained  to  date  indicate  that  the  method  offers  an 
extremely  simple,  highly  efficient  solution  to  the  existing  problem. 

5.2  Geometric  Models 
5.2.1  Models  in  General 

Geometric  models  have  been  used  successfully  in  areas  of  investigation 
such  as  power  transmission  line  response  and  shielding  studies.  Generally 
speaking,  it  is  usually  Impossible  to  modi' 1  exactly  a  given  electrical  sys¬ 
tem  or  circuit  in  such  a  manner  as  to  rM  ,ain  an  absolute  scale  factor  for 
both  electrical  &nd  physical  dimensions.  The  difficulty  usually  lies  with 
the  stringent  requirements  imposed  by  conductivity  scale  factors.  However, 
in  situations  in  which  it  is  desired  to  study  only  the  effects  of  variations 
of  physical  parameters  on  the  magnitude  or  nature  of  the  quantities  of  inter' 
eat,  the  geometric  model  is  a  powerful  tool.  The  usefulness  of  the  model  in 
such  situations  is  greatly  exemplified  by  the  quantity  and  quality  of  infor¬ 
mation  obtained  in  studies  concerned  with  the  shielding  effectiveness  of 
various  geometric  Structures^*?. 
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5.2.2  Modeling  for  the  Buried  Conduit  Problem 

The  problem  considered  here  is  one  that  lends  itself  to  solution  by 
modeling  techniques  when  it  is  viewed  in  terms  of  the  ultimate  objective  of 
the  investigation;  namely,  the  development  of  design  criteria  for  NIKE-X 
electrical  systems  installations.  For  that  purpose  there  exists  the  need 
to  investigate  the  manner  in  which  the  magnitudes  of  induced  currents  in 
buried  conduit  are  affected  by  such  factors  as: 

1.  the  length  and  depth  of  the  conduit. 

2.  the  geometry  of  the  grounding  elements  and  structures  at  the  con¬ 
duit  terminations. 

3.  the  proximity  of  conduits  with  a  group. 

4.  the  electrical  contact  between  the  conduit  and  surrounding  earth. 

5.  discontinuities  or  breaks  in  the  conduit. 

Toward  that  end,  an  experimental  modeling  facility  was  constructed  and 
experiments  performed  with  various  geometric  grounding  arrangements  and 
spacings.  The  remainder  of  this  report  is  a  detailed  description  of  the  en¬ 
tire  experiment  and  conclusions  drawn  therefrom. 

5.3  Modeling  Facility 

5.3.1  Experimental  Tank 

In  order  to  establish  a  controlled  ground  environment  in  which  to  bury 
configurations  of  interest,  a  3'  x  3'  x  5'  tank  was  constructed  and  filled 
with  sand  which  was  doped  with  ordinary  salt.  Details  of  the  tank  are 
shown  in  Figure  5.1a  and  Figure  5.1b.  The  tank  is  of  all  wood  construction 
and  filled  with  clean  builders  sand.  As  delivered,  the  sand  had  an  average 
resistivity  of  approximately  7500  ohm-meters.  This  value  was  found  to  be 
inconveniently  high;  therefore,  a  salt-water  solution  was  added  and  mixed 
thoroughly  in  order  to  lower  the  resistivity  to  approximately  18  ohm-meters. 
Mounted  on  one  side  of  the  tank  near  the  top,  center,  and  bottom  are  three 
pairs  of  electrodes  of  2"  x  2"  x  l/8n  aluminum,  each  pair  separated  by  2". 
These  electrodes  are  for  the  purpose  of  monitoring  the  relative  conductivity 
of  the  sand  throughout  the  box. 


nO—  1 1 
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(b) 


FIGURE  5.1  (a)  Details  of  Tank  and  Magnetic  Field  Generator 

(b)  Photo  of  Tank,  Field  Generator,  and  Instrumentation 
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5.3*2  Conductivity  Measurement  Apparatus 

Measurements  of  conductivity  were  made  by  two  different  methods.  In 
the  first,  an  insulated  box  of  inside  dimensions  2"  x  2"  x  12"  fitted  with 
flat  electrodes  over  the  2"  x  2"  surfaces  was  constructed  and  the  resisti¬ 
vity  of  the  sand  determined  from  the  resistance  between  electrodes  as  meas¬ 
ured  with  an  ESI  resistance  bridge  when  the  box  is  filled  with  sand.  For 
this  configuration,  the  current  distribution  through  the  box  is  fairly  uni¬ 
form  and  the  resistivity  of  the  sand  is  given  by  p  =  0.85  Rfcox  ohro-nieters . 

The  second  method  utilizes  a  Vernier  array  consisting  of  four,  one-foot 
lengths  of  3/S"  copper  tubing  spaced  in  line  on  6"  centers.  The  resistivity 
was  measured  by  inserting  the  array  in  the  sand,  applying  a  current  to  the 
outer  rods  and  measuring  the  voltage  across  the  inside  rods.  Details  on  the 
method  are  given  in  a  report  by  A.  J.  Iyke^  and  it  is  easily  shown  that  p  = 

1.63  R  ohm-meters  where  R  =  mea3^-e,d  voltage  *  j^-tails  0f  both  devices  are 

applied  current 

shown  in  Figure  5.2. 

5,3*3  Magnetic  Field  Generator 

A  pulsed  magnetic  field,  uniform  over  and  tangential  to  the  surface  of 
the  tank,  is  developed  by  means  of  a  flat  conducting  sheet  over  the  tank 
supplied  by  a  repetitive  current  pulser  delivering  80  amperes  peak.  The 
sheet  consists  of  an  aluminum  plate  2 '  x  5-1/2'  x  18"  fitted  with  l/4" 
plates,  6"  long  on  each  end  for  the  purpose  of  uniformly  distributing  the 
current  over  the  5'  segment  directly  above  the  tank.  Details  of  the  sheet 
can  be  seen  in  Figure  5.1  and  wave  forms  of  the  current  and  derivative  of 
the  magnetic  field  (B)  are  shown  in  Figure  5.3. 

5.3.4  Instrumentation 

The  following  subsections  describe  the  instrumentation  used  for  the 
various  quantities  measured. 

5. 3. 4. I  Resistance 

All  resistance  measurements  were  made  with  one  or  both  of  the  following: 


10  ns/cm  0.5  |is/cm 

a)  Current  into  magnetic:  field  generator.  Vertical  Scale  =  20  amp/cm 


10  irs/cm  0.5  us/cm 

b)  Derivative  of  magnetic  field,  B,  at  surface  of  sand. 

Vertical  Scale  =  50  mV/cm 


FIGURE  5.3 


Generator  Current  and  Derivative  of  Magnetic  Field 
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a)  Electro  Scientific  Ind.  Model  PVB  300  potentiometric  bridge 

b)  Voltmeter-Ammeter  method  using  a  Simpson  260  milliameter  and 
an  HP  410C  VTVM. 

5 . 3 • 4 • 2  Time  -V arying  Current 

All  time-varying  current  measurements  were  made  with  a  Tektronix  Model 
P6016  current  probe  and  one  of  the  oscilloscopes  described  below.  Maximum 
current  sensitivity  with  this  arrangement  is  12  ma/cm  on  either  scope. 

5. 3. 4*3  Magnetic  Field 

The  derivative  of  magnetic  field  (b)  was  measured  using  a  one-turn 
loop  detector  of  100  cm^  cross  section  and  resonant  frequency  well  above 
100  Me.  The  magnetic  field  was  held  constant  for  most  measurements  and, 
by  graphical  integration  of  the  B  curve,  was  calculated  to  be  about  35  A/m 
peak. 

5. 3. 4* 4  Oscilloscopes 

The  following  oscillos'  jpes  were  used  for  all  pulsed  measurements: 

a)  Fairchild  Models  777  (Dual  Beam)  and  776H  with  wide  band  amplifiers 

b)  Tektronix  type  453. 

5. 3.4*  5  Frequency  Response 

All  frequency  response  curves  were  obtained  using  an  HP  Model  606A, 

50  kHz-65  mHz  signal  generator  to  drive  the  circuit  under  test  and  a  Milli- 
vac  Model  MV  928A  RF  voltmeter  and  probe  for  response  measurements. 

5.4  Experiments  Performed 

5.4.1  Objective 

The  primary  objective  of  the  experimental  work  performed  was  to: 

1.  Establish  an  equivalent  resistance-inductance  circuit  for  a  loop 
consisting  of  a  buried  conductor  with  given  end  grounding  condi¬ 
tions  from  which  the  magnitude  of  current  induced  in  the  conductor 
by  a  pulsed  magnetic  field  at  the  surface  could  be  determined. 
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2,  Investigate  the  possibility  of  the  existence  of  relationships  be¬ 
tween  the  magnitude  of  current  induced  in  the  conductor  by  a  pulsed 
field,  the  effective  area  of  the  pickup  loop  calculated  on  the 
basis  of  an  equivalent  R-L  circuit  representation  for  the  loop,  and 
the  circuit  parameters  measured  at  the  terminals  of  a  break  in  the 
conductor-ground  loop. 

5.4*2  Procedure 

All  experiments  were  performed  with  simple  grounding  geometries  which 
included  spheres,  rods,  and  flat  plates.  The  overall  program  was  divided 
into  three  parts  as  follows: 

1.  Resistance  measurements.  In  order  to  establish  the  validity  of 
the  modeling  technique,  resistance  measurements  were  made  on 
spheres,  hemispheres,  and  cylinders  and  compared  to  calculated 
values.  These  experiments  were  performed  prior  to  doping  the  sand 
with  salt. 

2.  Circuit  parameters.  For  various  geometries  and  separations,  an 
attempt  was  made  to  determine  the  circuit  parameters  for  the  loop 
under  consideration  using  frequency  response  methods.  With  a 
known  resistance  in  series  with  the  loop,  the  applied  voltage  and 
voltage  at  the  loop  terminals  was  measured  as  a  function  of  fre¬ 
quency  (See  Figure  5.4) •  Anticipating  an  R-L  equivalent  circuit, 
the  inductance  could  be  calculated  from  the  3  dB  point  on  the  fre¬ 
quency  response  plot  since  the  resistance  could  be  measured 
independently. 

3.  Induced  currents.  The  magnitude  and  wave  forms  of  currents  in¬ 
duced  in  conductors  when  a  pulsed  field  was  applied  at  the  surface 
were  recorded  for  various  geometries  and  separations .  From  this 
information,  the  effective  area  of  the  pickup  loop  was  calculated 
based  upon  a  postulated  R-L  model  for  the  loop  and  measured  values 
of  resistance. 
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(a) 


R 

AAA/V 


Signal 

Generator 

x — 

R  *  Known  Resistor 


(b) 


AAA/Nr 


R^  «  Resistance  of  Loop 
=  Inductance  of  Loop 


FIGURE  5.4  (a)  Typical  Arrangement  for  Frequency-Response  Measurement 

(b)  Equivalent  Circuit  for  (a)  Based  on  an  Assumed  R-L  Model 
for  the  Underground  Loop 
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5.4.3  Results 

5. 4. 3.1  Resistance  Measurements 

In  Appendix  A,  the  equations  for  the  resistance  between  pairs  of 
spheres,  hemispheres,  and  rods  are  derived.  Comparisons  of  the  measured 
values  of  resistance  for  various  configurations  with  values  calculated 
from  the  derived  expressions  are  given  in  Tables  5.1,  5.2,  and  5.3. 

5.4. 3. 2  Circuit  Parameters 

During  initial  attempts  to  determine  the  equivalent  circuit  parameters 
for  the  loop  by  frequency  response  techniques,  some  difficulties  were  en¬ 
countered  due  to  the  high  resistance  and  low  reactance  of  a  typical  loop. 

Upon  refinement  of  the  measuring  technique,  usable  results  were  obtained 
for  parallel  rods  (two)  and  spheres  separated  by  two  feet.  The  frequency 
response  curves  for  each  case  are  shown  in  Figures  5.5  and  5.6. 

5 . 4 . 3 . 3  Induced  Currents 

Oscillographic  data  of  induced  current  and  applied  magnetic  field  was 
obtained  for  the  parallel  rods  and  flat-plate  grounds  for  various  separa¬ 
tions  and  depths.  A  typical  set  of  data  for  the  rods  is  shown  in  Figure 
5.7.  The  purpose  of  these  tests  was  to  determine  the  effective  area  of 
the  pickup  loop  corresponding  to  a  particular  geometry  and,  as  shown  in 
Section  5. 5. 3.1,  it  is  only  necessary  to  obtain  values  of  induced  current 
and  B  at  one  instant  of  time  in  order  to  calculate  the  area.  For  this  rea¬ 
son,  it  was  not  necessary  to  record  the  entire  current-wave  form  for  each 
test.  Figure  5.8  shows  the  arrangement  for  three  types  of  tests  performed 
and  data  obtained  is  presented  in  Tables  5.4>  5.5,  and  5.6. 

One  experiment  was  performed  to  determine  the  effect  of  the  insulation 
on  the  wire.  The  parallel  rods  four  feet  apart  just  be±ow  the  surface  and 
connected  by  a  bare  wire  laying  on  the  surface  were  used  in  this  test.  First 
the  wire  was  insulated  from  the  sand  by  a  thin  sheet  of  polyethylene  and  the 
peak  induced  current  measured.  Then  the  insulation  was  removed,  the  wire 
covered  with  sand,  and  current  at  various  points  along  the  wire  was  measured. 
The  results  of  this  test  are  shown  in  Table  5.7. 
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TABLE  5.1 

Calculated  and  Measured  Resistance  between  Two  Cylinders  12"  Apart. 
Ground  resistivity,  p  =  5,100  ohm-meters. 


Depth  (inches) 

Rcalc  <kllatas> 

Rmeaa  ft1101™8) 

6 

46 

50 

12 

23 

28 

TABLE  5.2 

Calculated  and  Measured  Resistance  between  Two  Spheres  3"  Deep. 

Ground  resistivity,  p  * 

7,600  ohm-meters 

Separation 

(inches) 

Rcalc  (klloh“> 

Rmoo_  (kilohms) 
me  as 

3 

173 

190 

6 

182 

200 

12 

190 

200 

TABLE  5.3 

Calculated  and  Measured  Resistance  between  Two  Hemispheres  on  the  Surface 

Ground  Resistivity,  p 

»  7,600  ohm-meters 

Separation 

(inches) 

Rcalc  (klloh“> 

Rneaa  <kl101™) 

1 

253 

220 

3 

346 

310 

6 

364 

380 

FIGURE  5.5  Frequency  Response  for  Parallel  Rods,  Two  Feet  Apart.  R  =  100 


I 


Section  5  -  Page  12 


TV2A  Sox  02 


Frequency  in  MHz 


FIGURE  5.6  Frequency  Response  for  Two  Spheres,  Two  Feet  Apart.  R  =  500 
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0.75'  Separation 


FIGURE  5.7  Induced  Current  in  Underground  Conductor  (upper  trace)  and 
B  at  Surface  (lower  trace)  for  Parallel  Rod  Grounds  at  Ends 
of  Conductor.  Current  Axis  -  6.5  mA/cm.  B  Axis  -  47.5  mV/cm 


10  ns/cm 


3'  Separation 


0.5  ps/cr. 
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4" 

T 


8" 


r 

Rods  (Two,  2"  Apart) 


(a) 


Surface 


Insulated  Wire 


■Rods  (Two,  2”  Apai 


4” 


8" 


r 


Tltf 


n 


Rods  (Two,  2"  Apart) 


3" 


(b) 


Insulated  Wire 


Surface 


•Rods 
(Two,  2"  Apart) 


Plate,  1/4"  x  2 


FIGURE  5.8  (a)  Parallel  Rods.  (b)  Parallel  Rods,  Conductor  Above 

Surface.  (c)  Flat  Plates 
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TABLE  5.4 


Conditions:  As  per  Figure  5.8a,  measured  B(t)  and  induced  current  i(t)  at 
t  =  2.5  |is.  B  (2.5  us)  constant  =7.24  web/m^/sec,  resistance 
measured  immediately  after  each  current  measurement. 


D  (feet) 

i (2. 5  us)  ma 

R  (ohms) 

4 

18.8 

150 

3 

11.7 

140 

1.5 

7.2 

105 

0.75 

4.3 

86 

TABLE  5.5 

Conditions:  As  per  Figure  5.8c 

.  Length  of  plates,  1 

1,  varied.  Measured  i(t) 

and  B(t)  at  time  of  i  B(T)  =  9.75 

web/m^/sec,  resistance 

measured  immediately  after  each  current  measurement. 

Length  of  Plates, 
h,  feet 

*peak  ^ 

R 

2.0 

35.7 

115 

1.5 

25.7 

130 

1.0 

21 

155 

0.5 

15 

195 

0.25 

11.4 

250 

TABLE  5.6 

Conditions:  As  per  Figure  5.8b.  B(2.5  us)  =  6.66  web/mVsec,  R  =  150  ohms 


h  (inches) 


i  (2.5  us)  ma 
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TABLE  $.7 

Conditions:  Parallel  rods,  tops  near  surface,  separated  four  feet  and 

connected  by  bare  wire.  Measured  peak  current.  Ip,  for  wire 
insulated  from  sand  and  buried  in  sand. 


A.  Wire  Insulated  Ip  =  IS  ma 

B.  Wire  in  Sand 

Position  of  current  probe  I  ma 

_  _E _ 

Left  end  15.3 

One  foot  from  left  end  17.7 

Center  18.6 

One  foot  from  right  end  17.7 

Right  end  15.3 
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5.5  Analysis  of  Results 

5.5.1  Resistance  Measurements 

The  resistance  measurements  with  simple  geometries  were  made  primarily 
for  the  purpose  of  establishing  correlation  between  measurements  with  models 
and  theoretical  predictions.  The  analytical  expressions  for  the  resistance 
between  cylindrical,  spherical,  and  hemispherical  electrodes  in  a  conducting 
medium  are  derived  in  Appendix  A.  The  equations  derived  were  used  to  calcu¬ 
late  the  values  of  resistance  shown  as  Rca]_c  in  Tables  5.1,  5.2,  and  5.3. 

At  most,  the  calculated  and  measured  values  of  resistance  differ  by  10  to 
15/6.  Considering  such  factors  as  non-uniformities  in  the  conductance  of  the 
sand,  errors  in  both  the  measurement  of  resistance  and  conductivity,  discon¬ 
tinuities  in  the  sand -elect rode  contact  surfaces,  etc.,  the  results  are  con¬ 
sidered  satisfactory  for  the  purpose. 

5.5.2  Circuit  Parameters 

It  is  obvious  from  the  frequency  response  curves  in  Figures  5.5  and  5.6 
that  the  driving  point  impedance  of  the  circuits  considered  cannot  be  repre¬ 
sented  by  a  simple  R-L  equivalent.  In  fact,  the  circuits  are  far  more  capa¬ 
citive  than  inductive,  as  evidenced  by  the  decrease  in  voltage  across  the 
terminals  with  increasing  frequency.  The  results  indicate  that  the  equiva¬ 
lent  circuit  for  the  underground  loop  is  quite  complex  and,  therefore,  of 
questionable  value  for  predicting  the  nature  of  induced  currents  from  a  sur¬ 
face  IMP.  This  conclusion  is  not  surprising  when  one  considers  the  fact  that 
in  general,  the  equivalent  circuit  for  a  system  of  coupled  circuits  is  not 
merely  a  simple  composition  of  the  individual  circuits  in  the  system.  An 
excellent  example  of  this  being  the  ordinary  power  transformer  in  which  the 
equivalent  circuit  for  any  one  winding  may  be  a  simple  series  R-L,  but  the 
driving  point  impedance  of  that  same  winding  measured  with  the  other  winding 
open-circuited  will  be  at  least  a  series -parallel  combination  of  resistances 
and  inductances. 
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5.5.3  Induced  Currents 

Utilizing  the  measurements  of  induced  current,  resistance  of  the  loop, 
and  applied  field,  the  effective  area  of  the  underground  induction  loop  was 
calculated  on  the  basis  of  an  assumed  R-L  circuit  representation  for  the 
loop. 

5. 5. 3.1  Calculation  for  Effective  Area 

From  the  wave  forms  of  current  and  field  intensity,  it  is  obvious  that 
the  circuit  representing  the  loop  is  almost  purely  resistive.  Slight  dif¬ 
ferences  in  the  current  and  field  wave  forms  are  discernable  only  for  early 
times.  The  effective  area  of  the  loop,  Ae,  is  determined  as  follows: 

For  an  R-L  circuit  representation  of  the  loop 


Ri  +  L  di/dt  =  d$/dt  =  Ae  dB/dt  =  AgB 

where  R  =  resistance  of  the  loop 
L  =  inductance  of  the  loop 
0  a  flux  linking  the  loop 
Aq  *  effective  area  of  the  loop 

From  the  observed  wave  forms  of  B(t),  a  good  approximation  for  B  is: 
B  ~  K  e~at 

Substituting  Equation  5.2  in  Equation  5.1  and  solving  for  i(t) 


(5.1) 


Ae  K 


11  -  G"at] 


(5.2) 


(5.3) 


It  is  observed  from  the  data  that  R/L  »  a.  Therefore,  for  t  »  0 
»  \  Ap  K  ^q+ 

i(t)  ~  e  aX  t  »  0  (5.4) 

it 

Taking  the  ratio  of  Equation  5.4  to  Equation  5.2 


(5.5) 
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Ae 


i(t)  R 
B(t) 


(5.6) 


In  essence,  Equation  5.6  states  that  the  voltage  induced  in  the  loop  is 
equal  to  the  resistive  drop  in  the  loop  after  the  short  transient  correspond¬ 
ing  to  the  large  R/L  decays.  This  equation  was  used  in  all  area  calculations 
for  the  three  experiments  described  below. 

5. 5.3.2  Variation  in  Current  and  Effective  Area  with  Separation  of  Grounds 

For  the  parallel-rod  grounds  the  effective  area  for  various  separations 
was  calculated  utilizing  the  data  of  Table  5.5.  Values  of  current  and  field 
derivative  at  (t  =  T  =  2.5  ps)  were  used  as  this  time  is  sufficiently  long 
for  the  approximations  used  in  establishing  Equation  5.6.  The  calculated 
area  and  induced  current,  i(T),  are  shown  as  a  function  of  separation,  d,  in 
Figure  5.9.  It  is  observed  that  for  small  separation  (short  conductor)  the 
area  appears  to  increase  linearly  with  separation  and  for  large  separations, 
both  the  area  and  current  increase  as  the  square  of  the  separation.  These 
results  suggest  the  following  explanation. 

For  small  separation,  the  pickup  loop  is  essentially  defined  by  the 
area  of  the  plane  perpendicular  to  the  field  bounded  by  the  length  of  the 
rods  and  the  separation,  and  that  the  current  density  below  the  rods  (fring¬ 
ing)  is  negligible.  In  fact,  this  area  calculated  for  the  8"  rods  separated 
by  9"  (0.75")  is  0.047  m^  and  the  effective  area  calculated  is  0.05  m^.  This 
explanation  would  account  for  the  variation  of  current  shown.  For  small 
separation  it  can  be  assumed  that  the  resistance  between  cylinders  will  vary 
logarithmically  with  separation.  Therefore,  from  Equation  5.6  the  current 
should  increase  less  than  linearly  with  separation  if  the  fringing  is 
negligible . 

For  large  separations,  it  appears  that  the  pickup  loop  could  be  defined 
in  terms  of  two  components,  one  which  increases  directly  with  separation  and 
the  other  as  the  square  of  separation.  This  suggests  representation  of  the 
pickup  area  by  a  rectangular  area  perpendicular  to  the  field  bounded  by  the 


d,  feet 

FIGURE  5.9  Effective  Area,  Ag,  and  Induced  Current,  i  (T),  at  T  b  25  s 
for  Parallel  Rode  Separated  "by  d  Feet 
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conductor  and  ground  rods  plus  another  of  circular  cross  section.  Indeed, 
when  the  grounding  geometry  is  small  compared  to  the  separation,  it  is  in¬ 
tuitively  obvious  that  the  grounding  geometry  could  be  represented  by  an 
equivalent  sphere.  This  is  evidenced  by  the  small  increase  in  resistance 
with  separation  for  the  rods  with  the  larger  separations,  as  is  the  case 
for  spherical  grounds  (see  Appendix  A).  Thus,  for  large  separation  the  cur¬ 
rent  would  be  expected  to  increase  as  the  square  of  the  separation  since  the 
resistance  tends  to  be  constant  and  the  pickup  area  varies  as  the  square  of 
the  separation. 

It  is  interesting  to  consider  the  possibility  of  representing  the 
pickup  area  in  terms  of  some  function  of  the  electric  field  or  current  den¬ 
sity  distribution.  The  parabolic  increase  of  area  with  separation  indicates 
the  possibility  of  representing  the  loop  by  an  equivalent  circular  section 
in  the  plane  of  the  grounds.  It  seems  reasonable  that  the  center  of  the 
current  density  distribution  could  be  used  to  define  such  an  area.  In 
Appendix  B,  the  center  of  current  density  distribution  for  a  widely  separ¬ 
ated  pair  of  spheres  is  determined  and  found  to  lie  in  the  plane  of  the 
spheres  on  a  hemispherical  path  of  radius  equal  to  one-half  the  separation. 
Although  the  area  of  such  a  path  cannot  be  related  directly  to  any  of  those 
measured,  it  does  appear  likely  that  such  a  representation  may  be  adequate 
to  describe  variations  of  pickup  with  separation. 

5.  5.3.3  Variation  of  Current  and  Effective  Area 
with  Vertical  Length  of  Grounds 

Similar  calculations  were  performed  for  the  flat  plate  grounds  of  var¬ 
ious  lengths  separated  by  a  fixed  distance  of  four  feet,  utilizing  the  data 
of  Table  5.6.  It  was  observed  that  the  time  at  which  the  current  reached 
its  peak  value  was  adequately  long  for  the  approximations  used  in  establish¬ 
ing  Equation  5.6.  The  results  are  shown  plotted  as  a  function  of  length  in 
Figure  5.10. 

It  is  observed  that  there  is  very  little  increase  in  effective  area 
with  length  whereas  the  induced  current  increases  steadily  with  length  to 


FIGURE  0.10 


Effective  Area,  Ag,  and  Induced  Current,  1^^, 
h-feet  Long 


for  Flat  Plates 
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the  point  where  it  appears  to  increase  linearly.  On  the  basis  of  the  area 
calculated,  it  appears  that  most  of  the  current  flows  from  the  upper  por¬ 
tion  of  the  ground  plate  and  the  contribution  to  the  total  pickup  area  by 
increasing  length  is  rather  small.  However,  the  resistance  of  the  loop  de¬ 
creases  markedly  with  length.  Therefore,  on  the  basis  of  the  assumed  R-L 
circuit  for  the  loop,  the  current  induced  should  increase  with  length. 

There  is  an  apparent  contradiction  in  this  explanation  in  that  the  resis¬ 
tance-  should  be  related  to  the  area  if  t'  e  loop  is  truly  representable  by 
the  R-L  circuit  whose  parameters  are  measured  at  the  terminals  of  a  break 
in  the  loop.  As  in  Section  5.5.2,  it  is  concluded  that  the  underground 
configuration  cannot  be  adequately  represented  by  a  simple  lumped-parameter 
model  for  the  investigation  of  currents  induced  by  a  surface  IMP. 

5. 5. 3*4  Variation  of  Current  and  Effective  Area 
with  Height  of  Conductor  Above  Surface 

The  purpose  of  this  test  was  to  investigate  the  accuracy  of  the  area 
calculated  on  the  basis  of  the  assumed  R-L  circuit.  With  the  wire  above 
ground,  the  difference  in  pickup  area  for  two  different  conductor  heights 
is  simply  the  rectangular  area  bounded  by  the  separation  distance  and  the 
change  in  height.  The  effective  areas  calculated  for  the  two  heights  of 
Table  5.6  are  0.325  m^  for  the  wire  on  the  surface  and  0.450  m^  for  the 
wire  6"  above  the  surface.  The  area  corresponding  to  a  rectangle  6"  x  36” 
is  0.140  which  is  in  close  agreement  with  the  difference  of  0.450  -  0.325 
=  0.125  wr  in  the  effective  areas  calculated. 

5. 5.3. 5  Effect  of  the  Isolation  of  the  Conductor  from  the  Ground 

The  data  presented  in  Table  5.7  is  self-explanatory.  No  attempt  was 
made  to  break  the  bare  wire  and  make  resistance  measurements  as  the  current 
is  not  uniformly  distributed  along  the  wire.  It  is  interesting  to  note  that 
the  peak  current  in  the  center  of  the  bare  wire  is  about  the  same  as  that  in 
the  insulated  wire  and  that  the  current  drops  off  with  distance  from  the  cen¬ 
ter.  This  might  be  explained  on  the  basis  of  an  assumed  R-L  model  for  the 
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loop.  For  the  hare  wire,  the  effective  area  and  resistance  of  the  loop  are 
smaller  than  for  the  insulated  wire.  For  a  proportionate  decrease  in  both 
parameters,  Equation  5.6  states  that  the  current  should  remain  constant  for 
a  given  magnetic  field  pulse.  However,  such  an  explanation  cannot  be  sub¬ 
stantiated  on  the  basis  of  one  simple  experiment. 

5.6  Conclusions 

The  two  most  important  conclusions  that  may  be  drawn  from  this  work 

are: 

1.  A  lumped-parameter  R-L  equivalent  circuit  is  an  inadequate  repre¬ 
sentation  for  the  prediction  of  induced  current  in  a  buried  con¬ 
ductor  with  a  given  grounding  arrangement. 

2.  Relatively  simple  geometric  modeling  techniques  may  be  used  to 
efficiently  determine  the  extent  to  which  EMP-induced  currents 
in  buried  conduits  and  structures  are  influenced  by  design  para¬ 
meters  of  the  system. 
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5A.1  Resistance  between  Pairs  of  Conducting  Spheres  and  Hemispheres 

The  required  resistance  relationships  are  obtained  by  deriving  the 
capacitance  between  conductors  and  then  using  the  well-known  resistance- 
capacitance  analog  of  electrostatics^: 

RC  =  e/o  (5A.1) 

where  e  and  a  are  the  permittivity  and  conductivity  of  the  space. 
Consider  two  charged,  conducting  spheres  of  radius  "a"  meters,  separa¬ 
tion  "d"  meters  positioned  symmetrically  on  the  x-axis  as  shown  in  Figure 
5A.1. 


FIGURE  A.l 


At  any  point  P  (x,  y,  z)  the  potential  Vp  is  given  by: 

8  8 


4  tt  ®  V]_  4  tt  e  Vg 


Therefore, 


V1  - 


8 


8 


4  tt  e  (d  -  a) 


(5A.2) 


4  tt  e  a 


(5A.3) 
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FIGURE  5A.2 


The  difference  in  potential  between  the  cylinder  and  the  plane  Vg  - 
is  easily  shown  to  be': 


-h-  to 

2  tt  e  b 


(5A.12) 


The  capacitance  per  unit  of  length  L  is,  therefore: 

C  =  In  h+A*^7  farad/meter  (5A’13) 

b 

For  cylinders  of  small  radius  located  far  from  the  plane,  h  »  b,  then 

0  =  to  2hA  faraa/meter  (5A.I4) 

The  capacitance  between  two  cylinders  separated  by  2h  meters  is  one- 
half  the  capacitance  given  by  Equation  5A.14.  The  capacitance  for  a  pair 
of  cylinders  of  length  L,  radius  b,  separation  d  is,  therefore: 

TT  6  L 
In  d/b 


C 


(5A.15) 
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Utilizing  Equation  5A.1,  the  resistance  between  them  is: 

R  =  — — —  In  d/b 
tt  C  L 


(5A.16) 


APPENDIX  5  B 


2 


Appendix  5B 


Appendix  5B 


3 


A  sketch  of  the  current  distribution  is  given  below. 


From  symmetry,  the  centroid  is  located  in  the  plane  defined  by  x  »  0. 
In  this  plane, 

r 

d 


J  (0,  y,  z)  ~  a  a  V 


172  1 


or 


J  (0,  y,  z)  ~ 


/I 

a  d  O  V 


(5B.13) 


X  *  0 


(d2/4  ♦  y2  ♦  z2)^2 
Further  symmetry  arguments  indicate  that  the  centroid  is  along  the 


(5B.14) 
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which  becomes, 

Y  = 


in  the  limit 

d 
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(5B.19) 
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6.°  EXPERIMENTAL  MEASUREMENT  OF  CURRENT  ON  BURIED  CONDUIT 

RESULTING  FROM  ELECTRIC  AND  MAGNETIC  FIELDS  -  Part  II 

6.1  Introduction 

These  experiments  are  a  continuation  of  the  tests  previously  reported 
in  "Experimental  Measurement  of  Current  on  Burled  Conduit  Resulting  from 
Electric  and  Magnetic  Fields",  30  January  1967,  General  Electric  Company, 
Pittsfield,  Massachusetts. 

6.2  Object ive 

The  purpose  of  these  tests  was: 

1.  to  determine  the  magnitude  of  current  induced  on  buried  conduit  of 
various  lengths  (100  to  400  feet)  from  a  magnetic  field. 

2.  to  assess  the  conservatism  in  the  analytical  methods  for  calculat¬ 
ing  conduit  current  developed  from  the  previous  tests  on  above 
ground  (100  to  200  feet)  and  underground  conduit  (100  feet), 

3.  to  show  the  effects  on  conduit  current  from  grounding  beds  (con¬ 
nected  to  the  ends  of  the  conduit)  for  various  lengths  of  conduit 
runs. 

4.  to  determine  the  difference  in  conduit  current  between  a  buried 
conduit  in  direct  contact  with  earth  and  a  buried  conduit  con¬ 
tained  in  an  isolated  duct. 

5.  to  investigate  the  reduction  of  conduit  current  afforded  by  shunt¬ 
ing  plates,  guard  wires,  or  screening. 

6.3  Test  Facility  and  Setup 

The  testing  was  conducted  between  Towers  #2  and  #3  of  the  General  Elec¬ 
tric  Company's  Project  UHV.  This  facility  and  equipment  have  been  described 
in  a  previous  report1. 

6.3.1  Experimental  Setup 

This  experiment  consisted  of  numerous  conduit  configurations  (2-inch 
diameter  rigid  steel  conduit)  below  ground  located  in  an  H-field  radiator. 
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This  radiator  was  composed  of  the  three  phases  of  a  transmission  line  and 
earth,  Figure  6.1.  The  three  phases  were  isolated  from  the  rest  of  the 
line  at  both  Towers  #2  and  #3.  At  Tower  #2  the  lines  were  connected  to¬ 
gether  and  to  an  impulse  generator  (pulse  energy  source).  At  the  other  end 
of  the  transmission  line,  for  part  of  this  experiment,  the  three  lines  were 
shorted  and  connected  to  ground  (by  ground  rods)  at  Tower  #3.  For  the  other 
part  of  the  experiment  the  lines  were  shorted  together  and  tied  to  ground 
halfway  between  Tower  #2  and  Tower  #3. 

The  buried  conduit  in  direct  earth  contact  was  located  300  to  700  feet 
from  Tower  #2.  The  buried  conduit  contained  within  a  duct  was  450  to  550 
feet  from  Tower  #2.  In  all  cases  the  conduit  was  directly  under  the  radia¬ 
tor  and  parallel  to  the  direction  of  the  lines,  Figure  6.1  and  Figure  6.2. 

The  100-foot,  isolated  2-inch  conduit  was  centered,  by  wooden  spacers, 
in  a  one -foot  diameter  transite  pipe  buried  three  to  four  feet  below  ground. 
Figure  6.3.  Test  holes  at  the  ends  of  the  conduit  contained  the  ground  rods 
and  provided  access  for  measurement  of  the  conduit  current.  Since  these 
test  pits  were  small  compared  to  conduit  length,  their  effect  was  assumed 
negligible . 

The  400-foot  buried  conduit  was  located  three  to  four  feet  below  ground 
with  test  pits  at  the  ends  and  at  the  200-foot,  100-foot,  and  50-foot  loca¬ 
tions.  The  conduit  was  disconnected  at  these  pits  depending  on  the  experi¬ 
ment  and  connected  to  ground  rods  at  the  required  location,  Figure  6.4. 

Bare  copper  wire  was  used  to  connect  the  conduit  and  the  ground  rods.  Cop¬ 
per  braid  was  clamped  in  layers  between  the  conduit  ends  at  the  test  pits 
to  connect  the  different  sections  of  pipe  together. 

At  the  middle  of  the  400-foot  conduit  the  test  pit  was  enlarged  for 
experiments  on  conduit  current  reduction  by  the  use  of  shunting  plates, 
Figure  6.5. 

6.3.2  Generator  Voltage  and  Current 

The  peak  current  for  the  radiator  loops  was  approximately  9,000  amps 


Tower  #3 


FIGURE  6.1  Test  Facility  Setup 


FIGURE  6.2 


Buried  Conduit  Setup 


Four  Hundred  Foo‘ 


FIGURE  6.3  One  Hundred  Foot  Buried  Conduit  (isolated)  Setup 
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as  shewn  in  Figure  6.6.  With  the  "far  ground"  (tied  to  ground  at  Tower  #3), 
the  H-field  produced  at  the  surface  was  uniform  over  the  100-foot  isolated 
conduit  test  area,  but  varied  slightly  over  the  400-focrt  conduit  test  area. 
The  value  was  constant  except  near  the  400-foot  test  hole  (nearest  the  pulse 
generator)  where  the  H-field  was  15  percent  lower  than  the  rest  of  the  test 
area.  For  the  "near  ground"  test,  the  H-field  magnitude  varied  along  the 
length  of  the  conduit. 

6.3.3  Measurements 

The  H-field,  conduit  current,  resistance,  and  inductance  measurements 
were  the  sane  as  in  the  report,  "Experimental  Measurement  of  Current  on 
Buried  Conduit  Resulting  from  Electric  and  Magnetic  Fields",  30  January  1967 
General  Electric  Company,  Pittsfield,  Massachusetts.  The  measurement  systems 
have  been  described  in  other  reports1*^. 

Recent  measurement  of  the  soil  resistivity  (by  the  four  probe  method) 
shows  a  constant  value  of  130  ohm-meters  is  applicable  for  the  length  of 
conduit  used  in  these  experiments^.  Figure  6.7  presents  the  data  from  two 
sets  of  measurements  taken  in  the  area  of  the  experiments. 

6.4  Tests 

6.4.1  Buried  Conduit  -  100,  200,  and  400  Feet 

In  previous  tests  (with  "far  ground"  termination)  it  was  shown  that  the 
current  flawing  on  short  lengths  of  conduit  (100  and  200  feet  supported  above 
ground  and  100  feet  buried)  was  induced  from  the  encompassing  H-field^.  By 
the  use  of  superposition  convolution  integrals  these  current  wave  shapes  were 
calculated  from  the  measured  H-field  wave  shape,  conduit  loop  resistance,  and 
inductance.  By  assuming  an  effective  area  (to  provide  the  best  fit)  correla¬ 
tion  between  the  calculated  and  measured  current  for  the  various  test  setups 
provided  empirical  dat&^fOr'-the  inductance  and  effective  istfeas  for  buried 
conduit  of  longer  lengths. 

■  _  x 

To  determine  the  conservatism  of  these  empirical  curves  for  the 


FAR  GROUND  *  NEAh.  GROUND 
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FIGURE  6.6  Generator  Voltage  and  Current 
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FIGURE  6.7  Average  Soil  Resistivity  over  a  Hemispherical  Volume  of 
Diameter,  D,  Measured  Using  the  Four  Probe  Method 
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calculation  of  conduit  current,  100,  200,  and  400  feet  of  buried  conduit 
were  tested  with  and  without  ground  rod  termination.  Measurements  of  the 
cuirent  were  made  at  the  center  and  at  each  end  of  the  conduit. 

This  current,  as  in  the  previous  tests,  has  a  wave  shape  whose  cross¬ 
over  points  show  the  effects  of  resistance  and  inductance  of  the  current 
loop,  Figure  6.8.  Figure  6.6,  the  radiator  loop  current  which  generates 
the  H-field,  has  a  crossover  point  at  32  microseconds.  The  corresponding 
crossover  for  the  conduit  18.5  microseconds.  The  effect  of  the  R/L  factor 
is  to  move  the  crossover  point  to  a  shorter  time  than  the  corresponding 
crossover  of  the  H-field  environment.  These  parameters  also  affect  the 
magnitude  of  the  pulse. 

To  calculate  the  conduit  current  wave  shape  from  the  empirical  data  of 
the  previous  test,  values  of  effective  area  and  inductance  were  obtained 
from  Figures  22  and  23  of  the  report^.  The  measured  H-field  was  used  as 
shown  in  Figure  6.6  and  the  resistance  was  approximately  the  sum  of  the 
measured  terminating  ground  rod  beds. 

The  current  magnitude  measured  on  the  conduit  at  the  center  and  at  the 
ends  was  not  the  same.  The  center  current  measurement  was  maximum  when  the 
conduit  was  terminated  to  ground  at  each  end.  This  wave  shape  is  plotted 
with  the  calculated  value  of  current  in  Figure  6.9  for  the  200  foot  conduit 
and  Figure  6.10  for  the  400  foot  conduit. 

For  the  200  foot  conduit  the  calculated  value  of  current  fits  the  meas 
ured  value  with  the  first  peak  being  slightly  larger.  The  crossover  points 
are  within  two  microseconds. 

The  calculated  current  wave  shape  for  the  400  foot  conduit  has  a  magni 
tude  that  is  approximately  two  times  larger  than  the  measured  wave  shape. 
The  crossover  points  are  between  two  and  four  microseconds  of  the  measured 
value.  To  show  the  difference  of  peak  values  between  the  calculated  and 
the  measured  currents,  the  first  and  second  crests  were  plotted  for  the 
three  lengths  of  conduit  measured  (100,  200,  and  400  feet).  Figure  6.11. 
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FIGURE  6.9  Conduit  Current.  200*  Buried  Ground  Termination  at  Each  End.  Measurement  at  Center 
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FIGURE  6.11  Peak  Conduit  Current  for  the  First  and  Second  Crests.  Calculated  and  Measured  Values 
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This  graph  indicates  that  for  a  ground  resistivity  of  approximately  130  ohm- 
meters  the  difference  between  the  calculated  current  and  the  measured  value 

*  5 

will  continue  to  increase  rapidly  for  longer  lengths  of  conduit.  At  1,000 
feet  this  ratio  has  been  calculated  as  approximately  5:1.  It,  therefore, 
appears  that  for  long  runs  of  conduit  in  an  H-fiel(d  the  calculated  value  of 
current  by  the  lumped  parameter  model  will  be  larger  than  the  actual  current 
even  with  vp  ious  ground  resistivities. 

The  cal  llating  procedure  is  based  on  a  model  which  considers  that  all 
of  the  current  induced  by  the  H-field  flows  along  the  conduit  and  through 
the  ground  via  the  counterpoise  system  of  the  buildings.  In  the  actual  in¬ 
stallation,  for  long  conduits  in  direct  contact  with  earth,  the  current  will 
also  travel  from  the  conduit  to  ground  as  shown  in  Figure  6.12  and  6.13. 
Figures  6.14  and  6.15  show  the  variation  in  current  between  the  ends  and  the 
center  of  a  buried  conduit  connected  to  counterpoise  systems.  As  expected, 
the  current  increased  at  both  the  center  and  ends  when  the  conduit  was  ex¬ 
tended  from  200  to  400  feet.  The  percent  increase  in  current  for  the  ends 
of  the  conduit  were  not  as  large  as  the  percent  increase  at  the  center. 

This  indicates  that  for  longer  conduit  runs  a  larger  variation  between  these 
currents  will  exist  with  the  larger  current  being  at  the  center  of  the  oon- 
duit.  This  variation  will  be  dependent  on  the  ground  resistivity,  counter¬ 
poise  impedance,  and  the  length  of  the  conduit. . 

k  l 

6.4.2  Buried  Conduit,  Isolated  from  Direct  Contact  with  , 

Ground,  Tied  to  Ground  Rod  Beds  at  Each  End 

--  { 

In  the  report  on  the  previous  series  of  experiments  (Part  I),  Tests  #3 
and  #8  were  similar  except  that  the  conduit  in  Test  #8  was  buried  in  direct  ; 

:  i 

contact  with  ground,  Table  6.1.  The  current,  as  measured  at  the  end  of  the 
conduit,  was  approximately  2:1  larger  for  the  underground  experiment.  The 
measured  loop  inductance  was  just  the  reverse;  the  inductance  above  ground 
being  approximately  double  the  value  underground.  This  indicated  a  possibi¬ 
lity  of  reducing  buried  conduit  current  by  containing  the  conduit  in  an  iso¬ 
lated  duct  (six  times  the  diameter  of  the  conduit). 


FIGURE  6.12  Conduit  Current  (center).  200’  Conduit  with  and  without  Ground  Rod  Termination 


FIGURE  6.13  Conduit  Current  (center).*  400*  Conduit  with  and  without  Ground  Rod  Termination. 
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FIGURE  6.14  Conduit  Current.  200*  Conduit  with  Ground  Rods  at  Ends.  Measurement  at  Ends  and  Center 


FIGURE  6,15  Conduit  Current.  4^0'  Conduit  with  Ground  Rods  at  Ends.  Measurements  at  Ends  and  Center. 
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(microseconds ) 
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TABLE  6,1 

PREVIOUS  CONDUIT  TESTS 


Test 

Measured 

Conduit  Current 
First  Peak 

R 

L 

Amps 

#3  Above  Ground 

100*  Conduit  Tied  to  Ground 

Rods,  Far  Ground 

.  "  V-*  _ 

30  ohms 

140  x  10”6 
henries 

96 

#8  Underground 

100’  Conduit  Tied  to  Ground 
Rods,  Far  Ground 

20  ohms 

75  x  10'6 

165 
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One  hundred  feet  of  conduit  (the  same  as  used  in  Tests  #3  and  #8)  was 
centered  in  a  transite  pipe  and  "buried  in  earth.  The  conduit-pipe  was 
located  in  the  same  area  as  the  previous  test  and  the  same  grounding  rod 
beds  were  attached  to  the  ends  of  the  conduit. 

The  measured  inductance  of  the  loop  was  104  x  10”°  henries,  a  value 
which  lies  approximately  halfway  between  the  value  as  measured  for  the 
above  ground  loop  and  the  value  of  the  direct  contact  underground  conduit. 

The  current  was  approximately  halfway  between  the  other  current  measure¬ 
ments,  Figure  6.16.  It  should  be  noted  that  the  H-field  wave  form  for  the 
isolated  test  was  slightly  different  than  for  the  other  two  tests.  This  is 
the  reason  for  the  earlier  crossover  points  and  the  faster  rise  time  of  the 
leading  edge  of  the  conduit  current  wave  form. 

To  investigate  the  reduction  of  conduit  current  provided  by  guard  wire 
or  screening,  two  tests  using  each  type  of  material  was  performed.  The 
wire  or  screening  was  placed  on  top  of  the  earth  over  the  conduit  and  at¬ 
tached  to  the  ends  of  the  conduit  at  the  ground  beds.  Current  measurements 
were  made  on  both  the  guard  wire  or  screen  and  on  the  conduit,  Figure  6.17. 
The  guard  wire  and  screen  reduce  the  current  on  the  conduit  as  shown  in 
Figure  6.18.  The  amount  of  the  reduction  depends  on  the  impedance  of  the 
guard  wire  versus  the  impedance  of  the  conduit  and  the  amount  of  area  be¬ 
tween  the  two.  This  effect  will  be  discussed  in  the  following  section. 

6.4.3  Guard  Wire  and  Screening  Investigation  -  Buried  Conduit 

To  understand  the  reduction  in  conduit  current  from  screening  connected 
to  the  ends  of  a  buried  conduit,  earlier  data  from  the  previous  report  on 
above  ground  conduit  tests  verified  the  current  sharing  effect  for  two  paral¬ 
lel  conduit,  Figure  6.19.  The  diagram  shows  the  similarity  between  the  two 
tests  and  also  indicates  the  various  currents  which  flow  in  the  conduit- 
earth  combination. 

When  two  parallel  paths  are  contained  in  a  conduit  loop,  the  current 
that  flows  through  each  section  is  the  result  of  the  impedance  of  each 
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FIGURE  6.16  100  Foot  Conduit  -  Above  Ground,  Below  Ground,  and  Below  Ground  Isolated 


reen  Current 


FIGURE  6.\L8  Measured  Conduit  Current  -  Isolated  Conduit  -  Buried 
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FIGURE  6.19  Conduit  Current  Reduction 


Section  6  -  Page  25 


section  and  the  H-field  contained  within  the  loop  formed  by  the  parallel 
paths.  This  was  verified  from  Tests  #5,  #3,  and  #1  of  the  previous  test 
report.  The  conduit  setups  and  peak  current  values  observed  for  these 
tests  are  shown  in  Table  6.2.  In  Test  #5  two  identical  conduits,  one  above 
the  other,  were  placed  in  an  H-field  and  connected  electrically  in  parallel 
and  to  ground  through  ground  rods.  The  impedance  of  each  conduit  was  the 
same  since  the  conduits  were  identical.  The  current  generated  by  the  lar¬ 
ger  ground-conduit  loop  would  be  divided  approximately  equally  between  the 
two  above  ground  conduits  if  the  effect  of  the  H-field  between  the  conduits 
was  not  considered.  This  H-field  generates  a  second  current  which  flows 
around  through  the  two  conduits  as  measured  in  Test  #1. 

To  be  able  to  predict  the  current  wave  shape  in  each  of  the  conduits 
(top  and  bottom)  of  Test  #5,  the  current  wave  shape  as  measured  in  Test  #3 
is  divided  by  two.  For  the  wave  shape  of  the  top  conduit,  current  from 
Test  #1  is  added  to  this  wave  shape.  For  the  bottom  conduit,  the  current 
wave  shape  from  Test  #1  is  subtracted  from  this  current  wave  shape,  Figures 
6.20  and  6.21. 

The  calculated  current  wave  shapes  for  both  top  and  bottom  conduits 
are  a  close  approximation  to  the  measured  values.  The  measured  wave  forms 
on  the  two  parallel  conduit  above  ground  are  very  similar  to  the  current 
wave  forms  of  the  isolated  conduit  under  ground  with  the  screening. 

To  further  check  the  effects  of  the  screening  with  other  ambient  para¬ 
meters,  100  feet  of  conduit  was  buried  within  75  feet  of  the  radiator  ground. 
This  provided  a  non-linear  H-  and  E-field  with  an  average  H-field  of  84.5  A/m 
and  an  estimated  horizontal  E-field  of  200  volts/meter.  The  conduit  was  in 
direct  contact  with  the  earth  and  attached  to  ground  rods  at  the  ends.  Meas¬ 
urements  of  current  were  made  at  the  center  and  ends  of  the  conduit  with  and 
without  the  screen  material  attached,  Figure  6.22  and  6.23.  The  graphs  show 
that  at  the  ends  of  the  conduit  the  peak  current  is  reduced  approximately 
4:1  while  at  the  center  the  current  is  reduced  3:1.  Again,  the  wave  shapes 
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PREVIOUS  CONDUIT  TESTS 
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FIGURE  6.20  Top  Conduit  Current,  Measured  and  Calculated 
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FIGURE  6.22  Center  Conduit  Current  with  and  Without  Screening.  Near  Field 
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FIGURE  6.23  End  Conduit  Current  with  and  without  Screening.  Near  Field 
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of  the  current  on  the  conduit  and  screen  are  similar  to  the  other  tests  dis¬ 
cussed  in  this  section. 

6.4.4  Current  Shunt  Plates  -  Buried  Conduit 

Various  current  shunting  schemes  were  tested  to  study  the  effects  of 
shunting  plates  and  counterpoise  systems  on  the  division  of  current  and  the 
resulting  H-field  attenuation  or  enhancement  within  a  conduit  system.  A 
test  hole,  17'  x  10'  x  9',  Figure  6.24,  containing  shunting  plates  and  a 
ground  rod  system,  was  used  at  the  end  of  a  200  foot  conduit  run  for  sev¬ 
eral  tests  and  in  the  middle  of  a  400  foot  conduit  run  for  the  remainder 
of  the  tests.  Shunting  plates,  one  foot  wide  by  four  feet  long  and  1/4- 
inch  thick,  were  connected  from  the  conduit  to  the  ground  rod  bed.  These 
plates  were  located  fifteen  feet  apart  within  the  test  hole.  The  vertical 
distance  between  the  conduit  and  ground  rod  bed  was  four  to  five  feet.  For 
many  of  the  tests  an  aluminum  sheet,  18  inches  wide,  was  connected  from  the 
bottom  of  one  shunt  plate  to  the  bottom  of  the  other  plate.  This  reduced 
the  horizontal  impedance  of  the  ground  bed  and  helped  determine  current 
flow  and  distribution  for  the  various  experiments. 

The  first  series  of  experiments  consisted  of  the  shunt  plates  and 
ground  rod  bed  connected  to  the  end  of  a  200  foot  conduit.  Measurements 
on  the  incoming  conduit  and  on  the  center  conduit  between  the  shunt  plates 
produced  a  2.6:1  reduction  in  the  center  conduit  current,  Figure  6.25. 
Removal  of  the  aluminum  sheet  from  the  shunt  plates  produced  insignificant 
change  in  center  conduit  current,  Figure  6.26.  This  indicates  that  the 
shunt  plate  current  enters  the  ground  directly  with  a  minimum  of  current 
flow  across  the  grounding  system.  The  magnitude  of  each  current  is  depen¬ 
dent  on  the  impedance  of  each  section  (conduit  and  shunt  plate  versus 
shunt  plate)  and  the  induced  current  within  this  loop.  This  is  the  same 
set  of  parameters  which  controlled  the  current  division  on  the  conduit- 
screen  experiments,  Section  6.4.3. 

The  above  tests  simulated  a  counterpoise  grounding  system  connected  at 
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FIGURE  6.24  Grounding  System  Arrangement  in  Excavation  at  Center  of  Conduit  Run 
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FIGURE  6.25  Conduit  Current  -  Shunting  Plates  and  200  Feet  of  Conduit 


FIGURE  6.26  Conduit  Current  -  Center  Measurement  with  and  without  Aluminum  Ground  Sheet 
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the  end  of  a  conduit  system.  In  reality,  most  counterpoise  systems  would 
have  conduits  connected  to  all  sides.  To  interpret  these  conditions,  the 
grounding  system  was  connected  in  the  middle  of  a  400-foot  conduit.  In  the 
initial  tests  the  conduit  was  ungrounded  at  its  ends.  Current,  as  measured 
on  the  incoming  conduit  and  at  the  center  between  the  shunt  plates,  show  a 
reduction  of  2:1  for  center  conduit,  Figure  6.27.  In  Figure  6.28,  the 
grounds  were  added  to  the  ends  of  the  conduit  and  measurements  made  on  both 
sides  of  the  center  hole.  These  currents  are  practically  identical,  even 
with  the  H-field  being  15  percent  smaller  at  the  400  foot  position.  This 
indicates  that  only  a  small  current  at  the  center  position  flows  to  ground, 
but  the  major  current  tends  to  flow  through  the  center  section;  fifty  per¬ 
cent  of  the  current  through  the  conduit  and  the  other  fifty  percent  down 
one  shunt  plate,  across  the  grounding  system,  and  up  the  other  shunt  plate. 
This  was  also  verified  by  the  removal  of  the  aluminum  etrip  at  the  ground 
points  which  changed  the  value  of  the  current  flowing  through  the  center 
conduit.  Figure  6,29.  Eliminating  the  aluminum  strip  increased  the  impe¬ 
dance  of  the  ground  system  horizontal  path.  Thus,  the  increase  in  current 
in  the  above  conduit. 

Figure  6,30  shows  the  division  of  current  between  the  conduit  and  shunt 
plate.  This  ggain  is  controlled  by  the  impedance  of  these  components  and 
the  Induced  current  in  the  conduit -shunt  plate  loop. 

To  show  the  effects  of  other  parallel  circuits  (such  as  other  conduits 
or  steel  members  of  a  building  which  are  tied  to  the  condult-oounterpoise 
system) ,  a  third  current  path  of  screen  material  was  pjLaced  above  the  con¬ 
duit  approximately  two  feet  and  connected  to  the  conduit  either  outside  the 
shunt  plates  or  inside  the  shunt  plates,  Figures  6.31  and  6.32.  With  the 
adding  of  another  parallel  path  the  conduit  current  at  the  center  was  re¬ 
duced  by  a  ratio  of  4:1.  Therefore,  the  more  parallel  paths  (conduit  or 
structural  members)  in  a  counterpoise-building  system,  the  less  current  on 
the  individual  conduits  contained  within. 


FIGURE  6.27  Conduit  Current  -  Shunt  Plates,  400  Feet  of  Conduit 
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FIGURE  6.28  Conduit  Current  -  Shunt  Plates,  400  Feet  of  Conduit 
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Conduit  Grounded 
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FIGURE  6.30  Conduit  and  Shunt  Plate  Currents,  400  Feet  of  Conduit 


FIGURE  6.31  400*  Conduit  Grounded.  Wire  Mesh  Added  to  Conduit  Outside 
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FIGURE  6.32  400*  Conduit  Grounded.  Wire  Mesh  Added  to  Conduit  Inside  Box 
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The  use  of  shunt  plates  provides  an  added  benefit.  Circulating  induced 
current  from  the  ambient  H-field  reduces  the  H-field  between  the  conduit  and 
the  ground  rod  bed.  Current  from  the  external  conduits  divides  fairly 
equally  around  this  loop  and,  therefore,  has  little  effect.  Figure  6.33. 
Without  the  current  shunt  plates  and  counterpoise  system,  the  H-field,  at 
the  same  location,  is  the  difference  between  the  ambient  H-field  and  the 
H-field  generated  by  the  conduit  current,  Figure  6.34,  and  can  be  derived 
as  shown  in  Figure  6.35.  As  can  be  seen,  the  peak  value  of  this  H-field  is 
1.2:1  larger  than  the  ambient  field  at  the  location  of  the  measurement. 

6.4.5  Ambient  H-field  Distortion  with  400  Foot  Conduit 

To  investigate  the  loading  effects  of  a  buried  4OO  foot  conduit  on  the 
ambient  H-field,  H-field  measurements,  Figure  6.36,  were  taken  with  the  con¬ 
duit  cariying  465  amps  and  with  zero  amps.  The  measurement  of  the  H-field 
was  approximately  twelve  feet  from  the  side  of  the  center  hole. 

In  the  first  test  the  conduit  was  disconnected  from  all  ground  beds  and 
was  opened  at  the  center  hole  in  line  with  the  H-field  probe.  For  the  second 
test  the  conduit  was  connected  at  the  center  and  to  the  ground  beds.  As  can 
be  seen  in  Figure  6.37,  there  was  no  noticeable  change  in  the  H-field. 

6.5  Conclusions 

1.  Calculation  of  the  peak  conduit  current  from  the  H-field  by  the 
lumped  parameter  model  on  buried  conduit  runs  of  400  feet  or  longer 
will  produce  values  considerably  larger  than  the  actual  measured 
peak  current.  Figure  6.33. 

2.  Long  buried  conduit  runs  with  counterpoise  systems  at  each  extrem¬ 
ity  will  have  the  highest  current  flowing  at  the  center,  midway  be¬ 
tween  the  two  counterpoises,  Figure  6.38.  This  data  clearly  shows 
that  the  maximum  effective  (buried)  length  is  approximately  400  feet 
for  the  soil  conductivity  (130  ohm-meters)  of  the  test  site  for  cen¬ 
ter  current  values.  The  magnetically  induced  current  at  the  ends 
reaches  a  maximum  value'  for  lengths  of  200  feet. 
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FIGURE  6.33  400  Foot  Conduit  Grounded  and  Ungrounded.  H -field  Measurement  in  200' 

Hole.  Probe  Halfway  between  Conduit  and  Ground  Plane- 


FIGURE  6.34  400'  Conduit  Grounded  and  Ungrounded.  H-field  Measurement  in  200 

Hole.  Probe  Halfway  between  Conduit  and  Ground  Plane. 
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FIGURE  6.35  400 1  Conduit  Grounded.  H-field  Measurement  in  200’  Hole. 

Probe  Halfway  between  Conduit  and  Ground  Plane. 


-field  Probe 


FIGURE  6.36  Measurement  Setup  of  the  Ambient  H-field  with  and  without  Conduit  Current 


it  Disconnected 


flection  6  -  Page  47 


► 


FIGURE  6.37  H-Field  12  Feet  froan  Center  Hole,  HfiQ  Foot  Conduit 
With  and  Without  Conduit  Connected  and- Grounded 


Conduit  Current  (amps) 
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3.  Non-grounded,  buried  bare  oonduit  center  current  approaches  the 
grounded  condition  at  lengths  greater  than  400  feet,  Figure  6.39. 
This  is  also  critical  with  respect  to  ground  conductivity. 

4.  Placing  the  buried  conduit  within  an  isolated  duct  will  reduce  the 
center  conduit  current  to  values  less  than  the  buried  bare  conduit 
currents,  Figure  6.38. 

5.  Conduit  current  can  be  reduced  by  using  a  low  impedance  screen 
located  a  few  feet  above  the  conduit  and  parallel  to  it,  connected 
to  the  conduit  at  the  counterpoise  systems. 

6.  The  calculated  value  of  conduit  current  considers  only  one  conduit. 
Other  conduits  contained  within  the  same  duct  and  connected  to  the 
same  counterpoise  systems  will  reduce  this  current, 

7.  Shunt  plates  and  shunting  paths  around  a  building  will  reduce  the 
conduit  current  within  the  building  while  the  circulating  current 
on  metal  structures  and  conduit  from  the  H-field  will  reduce  the 
ambient  H-field  within  the  building. 
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7.0  ABSTRACTS 

QUALITY  ASSURANCE  FOR  NEMP  SHIELDING  PROTECTION 
1  December  1967  Unclassified 

by:  Q.  W.  Maihl 

Provides  the  specifications  and  procedures  for  assuring  the  quality  of 
NMP  shielding  materials  and  equipment  during  the  procurement,  construction- 
installation- inspect  ion,  test  evaluation,  and  maintenance  phases  of  NIKE-X 
power  plant  and  facilities. 

MAGNETICALLY  INDUCED  VOLTAGES  ON  CONDUCTORS  WITHIN  CONDUIT  AND  CABLE 
3  November  1967  Unclassified 

by:  H.  H.  Brustle  and  L.  C.  Walko 

This  report  describes  an  investigation  to  determine  the  factors  effec¬ 
tive  in  inducing  voltages  on  conductors  within  conduits.  Investigated  were 
such  things  as  conduit  wall  thickness,  openings  in  conduit,  pulse  current 
amplitude,  aluminum  armored  power  cable,  conduit  joints,  flexible  conduit, 
and  the  effect  of  conductor  location  within  the  conduit. 

NIKE-X  ELECTRICAL  SYSTEMS  NUCLEAR  ELECTROMAGNETIC  ENVIRONMENT  (U) 

5  December  1966  Classified  SRD 

Revised  March  1967 
Revised  November  1967 

Presents  a  summary  of  the  present  state  of  knowledge  of  the  NEMP  envi¬ 
ronment  to  which  NIKE-X  electrical  systems  may  be  exposed.  Magnitudes  and 
duration  of  above  ground  electric  and  magnetic  fields  constituting  an  NEMP 
environment  are  shown  in  graphical  form.  Separate  considerations  are  given 
to  field  strengths  of  the  horizontal  and  vertical  E-field  components  and 
composite,  semiempirical  equations  for  predicting  H-field  intensities  are 
presented. 
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ELECTROMAGNETIC  SHIELDING 

1  September  1967  Unclassified 

by:  D.  W.  Caverly 

Contains  analytical  and  experimental  results  for  evaluating  the  shield¬ 
ing  attenuation  provided  by  various  types  of  metal  enclosures  when  encom¬ 
passed  in  an  IMP  environment.  Includes  the  effects  of  corners,  openings, 
louvers,  and  wave  guides. 

EFFECTS  OF  FILTERS  AND  DC  LOADS  ON  SURGE  RESPONSE  OF  TYPICAL  NIKE-X  POWER 
SYSTEMS 

30  November  1967  Unclassified 

by:  I.  B.  Johnson 

Transient  Network  Analyzer  results  include  the  effects  of  RFI  filters 
in  the  precision  load  power  lines  of  a  simulated  MSCB  NIKE-X  power  system; 
the  variation  in  transient  magnitude  when  precision  loads  are  represented 
by  a  dc  load  instead  of  an  ac  load;  and  the  difference  in  studying  steep 
front  pulse  injection  with  an  energized  or  unenergized  TNA  system. 

AN  INVESTIGATION  OF  DOCUMENTATION  METHODS  FOR  NIMP -RELATED  PHENOMENA 
1  December  1967  Unclassified 

by:  Procedyne  Corporation 

In  order  to  acquire  some  familiarization  with  the  physical  aspects  of 
the  documentation  problem  and  to  establish  a  physical  basis  for  the  compari¬ 
son  of  a  bibliographic  record  and  a  handbook,  a  partial  annotated  bibliogra¬ 
phy  and  table  of  contents  for  a  handbook  on  NEMP  shielding  were  developed. 

MEASUREMENT  SYSTEM  FOR  STEADY-STATE  AND  TRANSIENT  PARAMETERS 
1  December  1967  Unclassified 

by:  Procedyne  Corporation 

The  material  presented  is  an  extension  of  previous  efforts  and  contains 
the  latest  concepts  on  the  specification  and  measurement  of  the  power  system 
parameters. 
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APPENDIX 

SHIELDING  ATTENUATION  -  BURIED  METALLIC  MAT 


Analytical  and  experimental  studies  have  shown  the  shielding  proper¬ 
ties  of  metallio  structures  (solid,  welded  wire  fabrio,  and  reinforoing 
bars)  looated  above  or  below  ground1.  These  shielding  materials  have  been 
considered  grounded  but  not  in  direct  earth  contact  (such  as  contained  in 
oonorete,  constructed  on  the  inside  of  a  building,  or  covered  by  an  insulat¬ 
ing  organic  material  for  corrosion  protection).  Recent  investigations  on 
buried  conduit  current  have  indicated  the  possible  shielding  properties  of 
metallio  mats,  in  direct  contact  with  earth,  placed  above  a  buried  struc- 

p 

ture.  Figure  A.l  .  Buried  conduit  terminated  by  low  resistance  ground  pads 
(15  ohms)  have  substantial  currents  from  IMP  environment.  The  largest  pro- 
tion  of  this  current  is  induced  from  the  ambient  H-field  which  is  encom¬ 
passed  by  the  conduit  and  the  terminating  ground  rods.  The  effective  area 
calculated  for  this  loop  has  been  determined  from  experiments.  By  knowing 
the  ambient  H-field,  the  effective  area,  the  inductance  and  resistance  of 
the  conduit  loop,  values  of  current  can  be  calculated  for  various  conduit 
configurations  and  H-field  wave  forms. 

Studies  on  shielding  attenuation  from  rebar  structures  provide  data 
for  estimating  the  attenuation  from  loops  of  conduits  (of  similar  configu¬ 
ration  as  studied  in  the  conduit  current  experiments)  grouped  to  form  a 
shielding  volume  as  shown  in  Figure  A. 2.  Although  the  current  as  measured 
for  the  single  conduit  loop  does  not  allow  the  direct  computation  of  the 
attenuation  for  a  group  of  conduit  loops,  a  proportional  relationship  does 
exist  based  on  the  resistance,  inductance,  conduit  size,  and  area  of  the 
individual  loops. 

From  the  test  report,  "Experimental  Measurement  of  Current  on  Buried 
Conduit  Resulting  from  Electric  and  Magnetic  Fields",  an  above  ground  con¬ 
duit  loop  100  feet  by  4  feet.  Test  #1,  verified  the  calculations  for  the 
inductance,  resistance,  and  the  conduit  current  for  a  two-inch  steel  con¬ 
duit  (Figure  A.3)^.  The  peak  current  measured  was  41*8  amps. 
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FIGURE  A.l 


Conduit -Ground  Rod  Shielding  Mat  Below  Ground 
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Iflrflt  peak  *  41.8  amps 


FIGURE  A.  3 
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FIGURE  A.  4 


Conduit  Loop  with  Calculated  Parameters 
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To  determine  the  current  in  a  conduit  loop  of  a  size  that  would  be 
used  in  a  shielded  volume,  the  following  change  in  parameters  is  applica¬ 
ble  for  a-  loop  100  feet  by  15  feet,  Figure  A. 4. 

A.  Resistance  -  proportional  to  the  total  length  of  conduit  run 

(208  feet  for  a  100  foot  by  4  foot  loop  and  230  feet  for  a  100 

foot  x  15  foot  loop).  .*.  R  a  £22  x  .085  =  .094  ohms 

208 

B.  Area  -as  100  x  15  feet^  *  140  meters^ 

C.  Inductance  of  the  loop  -  calculated^ 

L  »  0.004  l  (2.303  log1Q  22)  -  2  +  ^6 

L  =  0.002  l  (2,303  log1Q  4£)  -  1  +  ufi 

where  K>  -  100  feet  s  3060  cm 

D  s  15  feet 

d  s  2  inches  =  .3.66  feet 

U  =  50 

6  *  0.0175 


L  »  77.72  x  10' 

D.  H-field  -  62  A/m 

E.  Peak  Current 

I  . 


henries 


(step  function  of  H,  reference  2) 


By  knowing  the  A  change  in  the  various  parameters  the  change  in 
current  can  be  found. 


A  A 
A  L 
A  R 
A  H 


UP 

38 

77.72 

60 

.094 

.085 

1,0 


3.7 

*  1.29 

1.1 
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A  |i  s  1.0 

_rA+ 

A  «  »r  1  for  a  given  time  since  A  R  and  A  L  change 

proportionally 


I(100*  x  4’) 


41.8 


120  amps 


This  is  the  peak  current  for  a  single  conduit  loop  100  x  15  feet  of 
two-inch  steel. 

If  61  of  these  loops  were  spaced  two  feet  apart  (a  volume  of  100  x  15 
x  120  feet),  Figure  A. 2,  the  center  volume  attenuation  can  be  obtained  from 
the  rebar  calculations  in  the  0CE  NEMP  PROGRAM,  PROTECTIVE  MEASURES*.  The 
center  volume  attenuation  obtained  from  Figure  5.36  (-6  dB)  and  Figure  5.34 
(26  dB)  of  the  Protective  Measures*  is  26  -  6  a  20  dB  (10:1).  This  attenua¬ 
tion  is  assumed  proportional  to  the  current  (120  amperes)  calculated  for  the 
single  loop  (100  x  15  feet),  since  the  conduit  loop  parameters  are  the  same 
and  the  conduit  spacing  is  constant. 

To  show  the  effects  of  ground  rod  earth  resistance,  resistors  were 
added  to  the  original  conduit  loop  (Test  #2).  The  insertion  of  30  ohms  in 
the  loop  reduced  the  peak  conduit  current  from  41.8  to  14  amps  (3:1),  the 
other  parameters  being  constant.  For  the  previously  calculated  100  x  15 
foot  loop,  which  has  nearly  the  same  inductance  as  the  loop  in  Test  #2,  30 
ohms  resistance  would  also  reduce  the  current  by  a  factor  of  approximately 
three  to:  If  *  40  amps.  Extending  this  increase  of  resistance  to  the  61 
conduit  loops,  considering  that  each  loop  contains  30  ohms,  the  center  vol¬ 
ume  attenuation  would  be  reduced  by  an  amount  proportional  to  the  change  in 
loop  current.  This  results  in  an  attenuation  of: 

«  3.33  or  10.5  dB 

Test  #8  of  the  conduit  tests  was  a  buried  conduit  (100  feet  long)  ter¬ 
minated  at  each  end  by  driven  ground  rods  (9  to  10  feet  total  depth).  The 
size  of  this  conduit-ground  rod  buried  loop  was  approximately  the  same  as 
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the  calculated  100  x  15  foot  conduit  loop  with  the  added  30  ohms  resistance. 
The  values  of  resistance  and  lnductanoe  were  similar  (20  ohms  vs.  30  ohms 
and  75  x  10“^  henries  vs.  77.7  x  10“^  henries).  The  effective  area  of  the 
oonduit -ground  rod  loop  increased  to  607.5  meter^  and  the  current  to  165 
amps.  If  a  shielded  volume  (15*  x  100'  x  120*,  Figure  A.l)  was  constructed 
with  conduits  under  the  surface  of  the  earth  and  ground  rods  driven  15  feet 
deep,  the  effective  area  for  each  loop  would  he  identical  and  the  center 
volume  attenuation  would  he: 


ATT 


^underground 

^-lOO’  x  15* 
with  resistors 


x  ATT100»  x  120*  x  15' 
with  resistors 


165 


x  3.35 


»  13.8  or  22.8  dB 


The  volume  for  which  this  attenuation  applies  would  he  within  the  conduit- 
ground  rod  area  as  shown  in  Figure  A.  5.  Measurement  of  current  along  the 
buried  conduit  indicated  very  little  current  flow  from  the  conduit  to 
ground.  The  current  flows  along  the  conduit  to  the  ground  rod,  dispersing 
through  deeper  ground  to  the  other  ground  rod.  The  attenuation  he  low  the 
level  of  the  ground  rods  has  not  been  estimated. 

Attenuation  may  also  he  provided  hy  conduits  buried  in  earth  without 
ground  rods.  Test  #9  shows  that  the  loop  resistance  and  inductance,  as 
measured  at  one  third  the  distance  along  the  conduit,  increased  (R  ■  70 
ohms,  L  *  200  x  10“^  henries).  It  appears  that  these  values  may  vary  for 
other  points  along  the  conduit.  Therefore,  the  current  will  vary  and  be 
at  a  maximum  at  the  center  of  the  conduit.  For  a  single  two-inch  steel 
conduit,  100  feet  long,  the  current  as  measured  thirty-three  feet  from 
each  end  was  30  amps.  Assuming  that  this  is  the  minimum  current  which 
flows  between  these  two  points  (A  and  B,  Figure  A.6),  the  semicircle  area 
shown  oould  provide  the  following  attenuation: 


FIGURE  A.  5  Grounding  Mat  Showing  Shielding  Volume 

and  Calculated  Effective  Area 
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ATT 


1/3  points 


x  ATT 


100*  x  15'  with  resistors 
=  30/40  x  3.35  «  2.5  or  8  dB. 


100'  x  120'  x  15*  with  resistors 


The  above  calculation  has  only  considered  the  current  from  the  H-field 
environment.  Current  from  the  E-field  in  the  ground  will  also  provide  atten¬ 
uation  since  the  flux  from  the  E-field  conduit  current  will  tend  to  oppose 
the  flux  from  E-field  current  deeper  in  the  earth. 


SUMMARY 

The  resultant  calculated  attenuation  provided  hy  a  buried  metallic  mat 
with  ground  rods  was  approximately  the  same  value  as  provided  by  a  complete 
structure  made  of  the  same  material  and  similar  volume.  This  implies  that 
for  any  mat  of  reinforcing  bars  or  welded  wire  fabric  with  ground  rods  (pro¬ 
viding  low  ground  resistance)  the  probable  attenuation  can  be  estimated  from 
the  information  in  the  "0CE  NEMP  PROGRAM,  Development  of  Criteria  for  Protec¬ 
tion  of  NIKE-X  Power  Plant  and  Facilities  Electrical  Systems  Against  Nuclear 
Electromagnetic  Pulse  Effects,  Protective  Measures”.  Experimental  confirma¬ 
tion  of  this  would  be  desirable. 
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